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1. INTRODUCTION

Noise induced hearing loss (NIHL) is a major health concern for the Department of Defense. Noise 

exposure often is inevitable, and may results in a permanent loss of hearing.  Unfortunately, there are 

no treatments to prevent or reverse NIHL. As a first step towards designing targeted therapeutics, we 

suggested to generate mouse models which allow cell type-specific translatome analysis in the ear. 

These, in turn, will be used to analyze the genes expressed in the hair cells (HC) and supporting cells (SC) 

of adult mice before and after different types of noise exposure as well as pre-conditioning treatments, 

which in mice, can ameliorate NIHL. Here we report our progress over the fourth year of the project, in 

which we (a) followed the plan obtained in the in-person review to extend the cell type-specific 

blueprint following noise to be sex-specific and (b) consolidated our findings from the first three years of 

the project and published three peer reviewed manuscripts;.  

2. KEYWORDS

Permanent threshold shift, Temporary threshold shift, Noise induced hearing loss, Ribotag, RNA-seq, 

Hair cell, Supporting cell, SAHA, Heat shock, Sex differences, Estrogen 

3. ACCOMPLISHMENTS

Specific Aim 1: To determine the OHC- and SC-specific transcriptional and signaling cascades 

activated in vivo in response to PTS-inducing noise exposure 

• Major Task 1: To establish the OHC- and SC-specific translatome of adult mouse inner
ears. Progress by subtasks:

i. Obtain ACURO approval following UMSOM IACUC approval – complete.
ii. Mouse crosses and tissue harvesting – complete.

iii. Tissue processing – complete, polysome IP – complete, submission of samples
for RiboTag-seq – complete; RiboTag-seq – complete.

Major task 1 is complete and the results were reported in the annual report for 2017. 
New this year – through the baseline expression pattern of OHC we identified and 
validated a key regulator of OHC functional maturation, described our findings in a peer-
reviewed manuscript that is now accepted for publication in Nature. The significance of 
this original finding has far-exceeded our original expectations, and through a broad 
collaboration we were able to show that mutations in it underlie age related hearing loss 
in mice, and that it is necessary for OHC electromotility. Furthermore, we were able to 

4.
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show that ectopic expression of this transcription factor can induce OHC-specific gene 
expression in inner hair cells and confer electromotility to inner hair cells. The full 
manuscript is attached as appendix 1.  

• Major Task 2: To determine the OHC- and SC-specific transcriptional and signaling
cascades activated in response to PTS-inducing noise injury. Progress by subtasks:

i. Mouse crosses, noise exposure, tissue harvesting, histological analysis, ABR and
DPOAE measurements. Complete.

ii. Tissue processing – complete.
iii. Data analysis – largely reported last year.
iv. Validation experiments – polysome IP to be used for RT-qPCR – complete. Tissue

harvesting for immunohistochemistry and in situ hybridization - complete.

Major task 2 is complete. Based on our results showing a difference in response to noise 
between male and female mice (see new Specific Aim 3), the validation with nanoString will 
be performed on the new tissue obtained from male and female separated. 

Specific Aim 2: To determine the OHC- and SC-specific signaling cascades activated in vivo in 
response to otoprotective interventions.  
This Aim was designed to define the cell type-specific molecular blueprint of interventions that may 
ameliorate NIHL. In our previous annual reports we discussed the rationale for maintaining the TTS 
and Heat Shock. The heat shock goal was transferred to a modified Specific Aim 3 that is also sex-
specific.  

TTS-inducing noise exposure: Complete and reported last year. Figure 1 shows part of the 
validation of this dataset including the experimental parameters indicating that the TTS noise 
exposure used in the study is of a type that induced Hidden Hearing Loss (i.e., hearing thresholds 
remain stable however inner hair cell afferent synapses are lost). As discussed in the in-person 
review a second dataset has now been generated that is sex-specific (see Specific Aim 3). Figure 2 
shows some of the gene clusters that are uniquely changed after either PTS or TTS-inducing noise 
exposures. A particularly interesting cluster is cluster 3 which consists of genes uniquely 
upregulated only following 
TTS noise exposure. 
Within this cluster – a 
striking novel example is 
DFNA5, which in its 
absence mice and human 
suffer from genetic 
hearing loss. Here our data 
suggest that 
overexpression of this 
gene may have a role in 
otoprotection. These data 
are being summarized and 
prepared for publication.  

Figure 1: Our TTS inducing noise of 
94 dB SPL for 2h (A) does not result 
in a significant loss of OHC when 
compared to a PTS noise (B) but 
leads to neuronal retraction along 
the cochlear duct (C). 
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Specific Aim 3: Following the in-person review of the award in the summer 2017, specific aim 3 was 
redesigned to allow us to both study the response to Heat Shock with and without noise exposure 
as originally planned as well as obtain all tissue separately from male and female mice.  
New this year:  

• Major Task 1: male and female tissue collected separately for baseline, PTS and TTS
New baseline - Tissue collection, tissue processing and library preparation for sequencing
are complete for OHC and SC
PTS (105dB) – Tissue collection and tissue processing is complete for OHC and SC. Library

preparation is 85% complete for OHC and 50% complete for SC. 
TTS (94db) – Tissue collection and processing is complete for OHC and 75% complete for 
SC. Library preparation is pending. 

• Major Task 2: male and female tissue collected separately for heat shock with/without
noise
Heat shock only - Tissue collection and tissue processing is complete for OHC and ongoing
for SC.
Heat shock and noise - pending

Key research accomplishments 

• Publication of three peer-reviewed manuscripts describing key findings from the
project in the following journals: Biology of Sex Differences, BMC Genomics and
Nature.

• Identification of OHC and SC unique genes and their regulators.
• Molecular description of the response to PTS in OHC, SC and whole inner ear.
• Molecular description of the response to TTS.

Figure 2: Examples of gene expression clusters with a different pattern in response to PTS and TTS. 
Cluster 1 contains genes repressed after a TTS noise when compared to baseline and PTS. Cluster 2 
contains genes highly induced 24h following a PTS noise only and is enriched for the GO 0045087 (innate 
immune response, FDR=0.009). Cluster 3 contains genes induced only after a TTS noise. The latter is 
particularly interesting as it is likely to contain genes with a protective effect on hearing.  
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• Key differences between the response to TTS and PTS.
• Critical differences in the response to noise between males and females.

Future plans for next reporting period 
• Complete sequencing and analysis of the project data.
• Validation by nanoString.
• Preparation of the NIHL blueprint for publication and data dissemination via the

UMgEAR.org – a portal for sharing and analysis of gene expression that was generated
by the project PI.

Conclusion 
In this funding period we continued to work on generating a refined cell type-specific blueprint for the 
molecular changes that occur after NIHL – separated by sex. This change in plan is an outcome of the 
first three years of the project and the in-person review at the DoD. It was possible thanks to significant 
improvement in techniques, thanks to calibration work we performed as part of the project and also 
published this year in BMC Genomics. This is significant because it makes the RiboTag approach more 
accessible to additional researchers as less mice are needed per biological replicate. We also further 
characterized the initially identified sex-specific changes in the response to noise and published our 
findings in the peer reviewed literature. This was an unexpected outcome of the project. The project 
was designed to molecularly characterize previously published molecular interventions that ameliorate 
NIHL in mice. However, sex as a biological factor, had a stronger effect on the outcome of noise 
exposure than many of the tested interventions. This is significant, as our findings outline important 
guidelines in study design for NIHL and are also a basis for development of therapeutics capitalizing on 
the estrogen signaling pathway (a project that is currently prepared for submission in response to 
W81XWH-18-HRRP-FARA). Finally, through the baseline analysis of OHC-specific translatomes, we 
identified Ikzf2/helios as a key regulator of OHC functional maturation. This exciting finding resulted in a 
team collaboration which culminated in a recently accepted manuscript to Nature. We are very excited 
about the work that originated from this project and see the completion of the sequencing and 
nanoString validation of the generated blueprint our major task for this coming year. We plan to work 
diligently to make the data publication-ready as soon as possible so that this valuable molecular 
blueprint could be shared with the research community at large – from academics to pharma, to 
promote the discovery and testing of drugs to treat NIHL.  

Opportunities for training and professional development 

Training or fellowship awards:  

Benjamin Shuster, BS: participated in the Association for Research in Otolaryngology as well as in the 
Gordon Research Conference (July 2018) where he presented data on sex differences in hearing and the 
response to noise.  

Beatrice Milon, PhD, participated in the Association for Research in Otolaryngology meeting as well as in 
the Gordon Research Conference (July 2018) where she expanded her knowledge both on hidden 
hearing loss as well as central pathways in auditory processing.  

Ryan Casserly, MD (worked in the Hertzano laboratory for 5-month full time research rotation in 2017): 
presented his findings in the Association for Research in Otolaryngology 2018 
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Laboratory meetings - since obtaining funding from the DoD the entire Hertzano laboratory engages in 
in-depth study of current literature and techniques to study NIHL and has been increasing their 
knowledge and experience through laboratory meetings and journal clubs. The team has also trained 
two additional laboratories in the department (laboratories of Drs. Ahmed and Riazuddin) who now 
focus some of their work on NIHL. In addition, two years ago, we developed a new series of laboratory 
meetings named H&H (Hearing and Hormones) attended by Dr. Jessica A. Mong (a neuroendocrinologist 
with a focus on sex differences in the brain) and our group. Finally, the PI organized a translational 
auditory and vestibular research day focused on NIHL in the fall of 2018. This day was a tremendous 
success with over 100 participants from universities in the region was used to educate and disseminate 
knowledge on NIHL (agenda attached in appendix 2).  

Professional development 

All members working on the DoD project participate in laboratory meetings, the translational Auditory 
and Vestibular research day, the Association for Research in Otolaryngology mid-winter meeting. 

4. IMPACT
The impact of the work on the project in this funding period was accomplished primarily via
publications and presentations in professional meetings. Our findings on sex differences in NIHL
and hearing are already changing study design in the field.

5. CHANGES/PROBLEMS
We had a delay in the breeding efficiency this year and therefore the baseline heat shock
experiments are done on C57BL/6 and not the mixed background. However, with improvements
to the sequencing protocol, we can now catch up over the year thanks to requiring less mice per
biological replicate.

All changes in structure and expenditures have been reported in the in-person review (within
the presentation) and are within the limits of the budget of the project.

No significant changes were made to biohazards.

Our IACUC animal protocol #0915006 linked to this project expired on September 16th 2018. A
new animal protocol to complete the experiments was submitted and approved by the IACUC.
The new protocol #0818004 and the approval letter are attached as appendices 3 and 4.

6. PRODUCTS
Publications, abstracts, and presentations 
Publications 
Three manuscripts were accepted for publication during this reporting period. 

The manuscript describing differences in response to noise between male and female mice has 
been published in Biology of Sex Differences: Milon B, Mitra S, Song Y, Margulies Z, Casserly R, 
Drake V, Mong JA, Depireux DA, Hertzano R. The impact of biological sex on the response to 
noise and otoprotective therapies against acoustic injury in mice. Biol Sex Differ. 2018 Mar 
12;9(1):12. 
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The kit comparison manuscript has been published in BMC Genomics: Song Y, Milon B, Ott S, 
Zhao X, Sadzewicz L, Shetty A, Boger ET, Tallon LJ, Morell RJ, Mahurkar A, Hertzano R. A 
Comparative analysis of library prep approaches for sequencing low input translatome 
samples. BMC Genomics. 2018 Sep 21;19(1):696. 

The manuscript describing the identification of Ikzf2 as a key regulator of the OHC translatome 
was accepted for publication in Nature: Chessum L, Matern M, Kelly MC, Johnson SL, Ogawa Y, 
Milon B, McMurray M, Driver EC, Parker A, Song Y, Codner G, Esapa CT, Prescott J, Trent G, 
Wells S, Dragich AK, Frolenkov GI, Kelley MW, Marcotti W, Brown SDM, Elkon R, Bowl MR, 
Hertzano R. Ikzf2/helios is a key transcriptional regulator of outer hair cell maturation. Nature 

Abstracts and presentations 
Our data about the PTS and TTS was presented at the ARO 2018 Mid-Winter Meeting 
(Symposium). 

Hertzano H,  Milon B, Mitra S, Ogawa Y, Shetty A, Zhang X, Depireux D, Elkon R. A cell-type 
specific blueprint of the molecular changes following noise exposure. 

The findings about the role of estrogen in the differences in response to noise between male 
and female  was presented at the ARO 2018 Mid-Winter Meeting (podium presentation) and the 
2018 Auditory Systems Gordon Research Conference (poster). 

Casserly R, Mitra S, Viechweg S, Shuster B, Myers A, Song Y, Milon B, Depireux D, Mong J, 
Hertzano H. Estrogenic protection from noise-induced hearing loss in females but not in 
males. ARO Mid-Winter Meeting. 

Shuster B, Casserly R, Viechweg S, Myers A, Milon B, Depireux D, Mong J, Hertzano H. Probing 
the Role of Estrogen in Hearing. GRC 2018. 

7. PARTICIPANTS AND OTHER COLLABORATING ORGANIZATIONS

Individuals who work on the project 

Name Ronna Hertzano 
Project Role PI 
Researcher identifier 
Nearest person month 
worked: 

2 

Contribution to the 
project 

Overall responsibility for the proposal and all aspects of the research 
program including: hiring and training 
personnel, ensuring quality of data, interpretation of data, oversight of 
methods, administrative responsibility and reporting to the DoD. 

Funding support NIH R01, DC013817 (PI); NIH R01, DC003544 (Co-I); Hearing Health 
Foundation – HRP support for gEAR (PI); MPower The State Grant – 
Center for Excellence in Cochlear Implants (Co-PI); R01 DC016595 (Co-
I); NIMH, R24MH114815 (PI) 
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Name Didier Depireux 
Project Role Co-I 
Researcher identifier 
Nearest person month 
worked: 

1.2 

Contribution to the 
project 

Oversight of the noise exposure protocols, ABR and DPOAE setup and 
measurements; Discussion and analysis of Male/Female data.  

Funding support MII, Translational Research in Hearing Foundation, Capita foundation, 
NIH/NIDCR 

Name Ran Elkon 
Project Role Co-I 
Researcher identifier 
Nearest person month 
worked: 

1.2 

Contribution to the 
project 

Data analysis and study design 

Funding support 

Name Yang Song 
Project Role Analyst 
Researcher identifier 
Nearest person month 
worked: 

1.2 

Contribution to the 
project 

Data analysis 

Funding support 

Name Beatrice Milon 
Project Role Research Supervisor 
Researcher identifier 
Nearest person month 
worked: 

6 months 

Contribution to the 
project 

Study design, tissue collection, schedule oversight, training Benjamin 
Shuster, RiboTag IP, RNA analysis, cytocochleograms 

Funding support 

Name Benjamin Shuster 
Project Role Research Assistant 
Researcher identifier 
Nearest person month 
worked: 

12 

Contribution to the 
project 

Tissue collection, noise exposures, male/female analysis, preparation 
of review on sex differences in hearing 
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Funding support 

Changes in the other support of the PI/ other key personnel: 

- No significant changes.

8. SPECIAL REPORTING – quad chart (original file submitted as appendix 5)

9. APPENDICES

Appendix 1a: Manuscript “Ikzf2/helios is a key transcriptional regulator of outer hair cell

maturation” accepted for publication in Nature.

Appendix 1b: Manuscript “The impact of biological sex on the response to noise and

otoprotective therapies against acoustic injury in mice”

Appendix 1c: Manuscript “A comparative analysis of library prep approaches for sequencing low

input translatome samples”

Appendix 2: Agenda for the 3rd Auditory and Vestibular Translational Research Day (2017)
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Appendix 3: New Animal Protocol – no changes from the previous protocol – our animal 

protocol had to be renewed and therefore was re-submitted and approved 

Appendix 4: Approval for new animal protocol 

Appendix 5: Quad chart 
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The sensory cells responsible for hearing include the cochlear inner hair cells (IHCs) and 

outer hair cells (OHCs), with OHCs being necessary for sound sensitivity and tuning. 

Both cell types are thought to arise from common progenitors, however our 

understanding of the factors that control IHC and OHC fate remains limited. Here we 

identify Ikzf2/helios as an essential transcription factor required for OHC functional 

maturation and hearing. Ikzf2/helios is expressed in postnatal mouse OHCs, and a 

mutation in Ikzf2 causes early-onset sensorineural hearing loss in the cello mouse model. 

Ikzf2cello/cello OHCs have greatly reduced prestin-dependent electromotile activity, a 

hallmark of OHC functional maturation, and show reduced levels of critical OHC-

expressed genes such as Slc26a5/prestin and Ocm. Moreover, we show that ectopic 

expression of Ikzf2/helios in IHCs induces expression of OHC-specific genes, reduces 

canonical IHC genes, and confers electromotility to IHCs, demonstrating that Ikzf2/helios 

is capable of partially shifting the IHC transcriptome towards an OHC-like identity.  

The mature mammalian cochlea contains two distinct types of sensory cells, named 

inner and outer hair cells (HCs), each of which are highly specialized and, in humans, do not 

regenerate once damaged or lost1. Progressive loss of these cells, particularly the outer HCs 

(OHCs), underlies much of the aetiology of age-related hearing loss – a worldwide epidemic2,3. 

While these two cell types were first described by Retzius in the 1800’s, the mechanisms 

underlying the specification of their common progenitor cells to functional inner versus outer 

HCs remain poorly understood. Additionally, attempts to direct stem cells towards HC fates 

have, to date, resulted only in the formation of immature HC-like cells that lack many of the 

markers of mature inner or outer HCs4. Given the vulnerability of the OHCs, identifying factors 

that specify OHC fate is crucial, not only for understanding the biology of this unique cell type, 

but ultimately for working towards regenerative therapies for hearing loss. 
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To define a set of high confidence OHC-expressed genes for downstream gene 

regulation analyses, we crossed the prestin-CreERT2 mice, which can be induced to express 

Cre-recombinase specifically in OHCs, with the RiboTag mouse model, allowing for OHC-

specific ribosome immunoprecipitation (IP)5,6. Cochlear ducts from 

RiboTagHA/+;prestinCreERT2/+ mice were collected at five postnatal time points (postnatal day 

(P) 8, P14, P28, 6 weeks (wk), and 10 wk), and actively translated OHC transcripts were 

enriched for by ribosome IP, followed by RNA sequencing (RNA-seq) of all IP and paired 

input RNA (Extended Data Fig.1a-b, Supplementary Table 1). We calculated an OHC 

enrichment factor (EF) based on the IP/input log2 fold change (LFC) for each gene at each time 

point (Supplementary Table 2). Reassuringly, known postnatal HC- and OHC-expressed genes 

such as Pou4f3, Gfi1, Strc, Ocm and Slc26a5 generally had high EFs across time points (EF>1), 

while prominent IHC marker genes such as Otof, Atp2a3 and Slc17a8 were generally depleted 

from the IP samples (EF<-1). Additionally, marker genes for supporting cells, neurons and otic 

mesenchyme were also depleted (Extended Data Fig.1c). Further informatics analyses of our 

RiboTag OHC dataset demonstrated a systematic enrichment of OHC markers and depletion 

of IHC markers identified by a published adult mouse OHC and IHC transcriptomic dataset 

(Liu et al.)7, and overall classified the OHC-enriched transcripts into three clusters (Extended 

Data Fig.1d-f, Supplementary Table 3). Intersecting genes whose transcripts were enriched in 

OHCs in our most mature RiboTag OHC data point (10wk, EF>0.5) with the Liu et al. dataset 

resulted in a list of 100 highly confident postnatal OHC markers that are significantly and 

consistently enriched in postnatal OHCs (Fig.1a, Supplementary Table 4). We and others have 

previously shown that relevant transcriptional regulators can be discovered by analysing the 

promoters of cell-type specific genes to identify statistically over-represented transcription 

factor (TF) binding motifs8,9. A TF binding motif prediction analysis of the 100 OHC marker 

genes identified multiple enriched motifs in the 20 kb regions centered around the transcription 
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start site, the top five of which correspond to the TFs HNF4A, MZF1, POU3F2, IKZF2/helios 

and RFX310. Of these TFs, only IKZF2/helios: was included in the list of 100 OHC marker 

genes; was found to be markedly enriched in OHCs at all time points (Fig.1b-c); and showed 

a ~4-fold enrichment in OHCs compared to IHCs in the Liu et al. dataset (Supplementary Table 

4). Further characterization of helios protein expression in the inner ear confirmed that it is 

restricted to the OHC nuclei starting from P4, and persists in functionally mature OHCs 

(Fig.1d-f, Extended Data Fig.2a). Together, these data suggest an important role for Ikzf2/helios 

in regulating the OHC transcriptome from early postnatal to adult stages. 

A recent phenotype-driven ENU-mutagenesis screen, undertaken at the MRC Harwell 

Institute, identified a C-to-A transversion at nucleotide 1551 of Ikzf2 in the cello mouse 

mutant, causing a non-synonymous histidine-to-glutamine substitution (p.H517Q) in the 

encoded helios TF (Fig.1g, Extended Data Fig.2b-d)11. A combination of in silico mutation 

analyses, structural 3D modelling, immunolabeling of helios in the cello mutant mice, and in-

vitro assays predicted and validated a deleterious effect of the cello mutation on the ability of 

helios to dimerize without impairing its cellular localization (Fig.1g, Extended Data Fig.2e 

and 3). We further investigated the functional role of Ikzf2 in hearing by assessing Auditory 

Brainstem Response (ABR) thresholds in wild-type and cello mice across several time points. 

Results show that Ikzf2cello/cello mice have progressive deterioration of hearing function 

starting as early as P16 (>60 dB SPL) with a threshold of ≥85 dB SPL by 9-months (Fig.2a-b, 

Extended Data Fig.4a-c). Using scanning electron microscopy, we show that the 

ultrastructure of the cochlear sensory epithelia and HC stereocilia bundles in the cello mice 

appear normal up to 1-month of age, after which the OHCs bundles, and later the IHCs 

bundles, begin to degenerate (Extended Data Fig.4d, 5a-d, Supplementary Tables 5-6). These 

data indicate that the hearing impairment in cello mice precedes the loss of HC bundles, and 

suggest that the helios mutation instead leads to a functional OHC deficit. Furthermore, by 
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utilizing a second Ikzf2 mutant allele (Ikzf2del890), which leads to an in-frame deletion of the 

3rd coding exon, we confirm Ikzf2 as the causative gene underlying the auditory dysfunction 

in the cello mutants. At 1-month of age, Ikzf2cello/del890 compound heterozygotes display 

elevated ABR thresholds (up to 40 dB SPL) compared to heterozygotes and wild-type mice 

(Extended Data Fig. 5e-f), confirming Ikzf2cello as the causative allele in the cello mutant. 

To explore the effect of the cello mutation on OHC physiology we investigated the 

basolateral properties of OHCs. We found that the MET current (Extended Data Fig. 6a-c) and 

the adult-like potassium (K+) current IK,n (Extended Data Fig. 6d-h) have normal biophysical 

characteristics in Ikzf2cello/cello OHCs. The resting membrane potential (Vm) of OHCs is also 

similar between genotypes (Ikzf2cello/+: −68  2 mV; Ikzf2cello/cello: −70  1 mV). We then 

investigated whether helios regulates OHC electromotile activity. We found that stepping the 

membrane potential from −64 mV to +56 mV causes the OHCs from both genotypes to shorten 

(Fig.2c-d), as previously described12–14. However, Ikzf2cello/cello OHCs show significantly 

reduced movement compared to Ikzf2cello/+ control OHCs (Fig.2e), even when the values are 

normalized to their reduced surface area (Fig.2f). We also found that young adult Ikzf2cello/cello 

mice have significantly reduced DPOAE responses (≤−15 dB SPL) compared to littermate 

controls (Fig.2g), further demonstrating impaired OHC function. 

To identify genes regulated by helios in OHCs, we compared gene expression from 

cochleae of P8 Ikzf2cello/cello and their wild-type littermate controls by RNA-seq. We identified 

105 upregulated and 36 downregulated genes in Ikzf2cello/cello cochleae (Supplementary Table 

7), including downregulation of the canonical OHC markers Slc26a5 and Ocm, which was 

confirmed by NanoString validation (Fig.2h). Furthermore, we did not observe modulation of 

other OHC-expressed TFs selected from Li et al., 2016 (Fig.2i)15, suggesting that the observed 

OHC gene dysregulation results from disruption of a specific transcriptional cascade. 

Interestingly, by P16 the transcript levels of Car7, Ocm, and Slc26a5, but not Ppp1r17, are 
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similar to wild-type littermate controls, suggesting the possibility that other factors may be 

compensating for the functional loss of Ikzf2 by this time point (Extended Data Fig.6i).  

To further characterize the transcriptional cascade downstream of Ikzf2/helios, we 

performed in vivo Anc80L65 adeno-associated virus (AAV) gene delivery of a myc-tagged 

Ikzf2 or GFP (from hereon Anc80-Ikzf2 and Anc80-eGFP) to neonatal inner ears of 

Myo15Cre/+;ROSA26CAG-tdTomato mice, sorted the cochlear HCs at P8, and measured resultant 

changes in gene expression using single cell RNA-seq (scRNA-seq) (Fig.3a, Extended Data 

Fig.7)16,17. The HCs from Anc80-Ikzf2 injected inner ears separated into two distinct sets of 

clusters, containing both IHCs and OHCs. One set of IHCs and OHCs completely overlapped 

with the HCs from the Anc80-eGFP control injected ears (Fig.3b, bottom clusters), while the 

other set clustered separately (Fig.3b, top clusters). Separation of the two sets of clusters 

showed a clear correlation with Anc80-Ikzf2 transgene expression (Fig.3b), where HCs in the 

bottom clusters had a lower expression of Anc80-Ikzf2, and the HCs in the top clusters had a 

higher expression of Anc80-Ikzf2 (hereon defined as Anc80-Ikzf2 low (-) and high (+), 

respectively). Because the HCs defined as Anc80-Ikzf2 (-) clustered together with the HCs 

transduced with Anc80-eGFP, these two groups of HCs were merged and named Anc80-Ikzf2 

(-) IHCs and OHCs for all downstream analyses (Fig.3b-c).  

While overexpression of Ikzf2 in IHCs and OHCs did not change the expression of HC 

markers such as Pou4f3 and Calb1 (Fig.3d), it led to a significant downregulation of many 

genes whose transcripts were identified as IHC-enriched in the control HC populations, 

including Otof, Rprm, Atp2a3, and Fgf8 (Fig. 3e, Extended Data Fig. 8, Supplementary Tables 

8, 9, 10). Interestingly, some of the genes that are downregulated in both Anc80-Ikzf2 

transduced IHCs and OHCs are genes that are normally expressed in both cell types in early 

postnatal development, and that later become IHC-specific (e.g., Pvalb and Otof, 

Supplementary Table 10)18,19. This suggests that helios overexpression in OHCs results in an 
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accelerated downregulation of these genes. Additionally, helios overexpression in IHCs results 

in the upregulation of genes that are normally enriched in OHCs, such as Ocm, Pde6d, Ldhb 

and Lbh (Fig.3f, Extended Data Fig.8). Overall, these data suggest that during normal OHC 

development, helios likely functions to both decrease the expression of early pan-HC markers, 

such as Otof, in the maturating OHCs, as well as to upregulate OHC marker genes. A 

correlation analysis further validates the role of Ikzf2 in regulating OHC-related gene 

expression (Extended Data Fig.8, 9, Supplementary Table 11). The effect of Ikzf2 transduction 

on IHC gene expression was further validated by immunolabeling or in situ hybridization for 

OTOF, VGLUT3, OCM, prestin and Fcrlb (Fig.4, Extended Data Fig.10a-b). Further analysis 

of the surface characteristics of the transduced IHCs does not show a change from an IHC-like 

to an OHC-like stereociliary bundle, consistent with a partial role for helios in regulating OHC-

fate (Extended Data Fig.10c). However, Ikzf2 transduction resulted in the appearance of 

prominent voltage-dependent (non-linear) capacitance in IHCs (Extended Data Fig.10d-e), 

which is an electrical “signature” of prestin-dependent OHC electromotility20,21. These data 

indicate that Anc80-Ikzf2 transduced IHCs start to acquire the major function of normal OHCs. 

In conclusion, our study demonstrates that Ikzf2/helios is necessary for hearing and is 

a critical regulator of gene expression in the maturing postnatal OHC. In particular, our results 

suggest that Ikzf2/helios functions to suppress IHC and early pan-HC gene expression in 

OHCs, as well as upregulate canonical OHC marker genes. It further shows that Ikzf2/helios 

is sufficient to induce the essential functional characteristic of electromotility and many of the 

molecular characteristics of OHCs when expressed in early postnatal IHCs, albeit not all of 

them – supportive of the notion that additional OHC-expressed transcription factors are 

involved in postnatal OHC development. This is the first study to demonstrate functional shifts 

in postnatal HC molecular identities via viral gene delivery, and suggests that delivery of 
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combinations of TFs may lead to successful regeneration of functional OHCs in the deafened 

cochlea. 
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Figures and Legends 

 

Figure 1. Helios is a candidate regulator of OHC genes.  

(a) The 100 OHC marker genes (n=100) are enriched in OHCs at all RiboTag OHC dataset 

time points compared to expression of all other genes detected (background, BG) (n=13,044). 

p-values: P8 = 1.73E-17, P14 = 6.55E-12, P28 = 1.60E-18, 6wk = 7.79E-18, 10wk = 1.43E-

33 (two-sided Wilcoxon's test). Black center line represents median enrichment factor (EF, 

log2 fold change), box demarcates 1st and 3rd quartiles, whiskers demarcate 1st and 3rd quartile 

± 1.5×IQR values, dots represent single outliers.  

(b) Transcription factor binding motif analysis using the 100 highly confident OHC marker 

genes identifies the binding signature for IKZF2/helios as significantly overrepresented. NES 

= normalized enrichment score. NES≥3.0 corresponds to a false discovery rate of 3-9% (see 

Janky et al., 2014).  

(c) Ikzf2 transcript enrichment in OHCs as measured by the RiboTag OHC RNA-seq.  

(d) Specific expression of helios in the nuclei of wild-type P8 OHCs (white arrows, n=3 

biologically independent samples). Scale=50 µm. 

(e) Helios expression is maintained in wild-type OHCs at 1-month (white arrows, n=3 

biologically independent samples). Scale=10 µm. 
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(f) Helios is detected in wild-type OHCs from P4 and is maintained in mature P16 OHCs (P3

n=2, P4 n=4, P8 n=4, P16 n=4 biologically independent samples). Loss of labelling when the

anti-helios antibody is ‘pre-blocked’ with its immunizing peptide confirms specificity (n=5

biologically independent samples). Scale=10 µm.

(g) The genomic/domain structure of Ikzf2/helios. Black = 5’ untranslated region, light grey =

N-terminal DNA-binding domain, dark grey = C-terminal dimerization domain. The Ikzf2cello

mutation lies in ZnF6. Further alignment of the helios ZnF6 sequence with its paralogues and

the classical Cys2His2 ZnF motif shows that the H517Q cello mutation causes substitution of

a highly conserved zinc-coordinating histidine residue. 3D modelling of wild-type Ikzf2+ 

ZnF6 and mutant Ikzf2cello ZnF6 illustrates the requirement of residue His517 for zinc-

coordination, which is not possible when residue Gln517 is substituted.

HC, Hensen’s cells; IHC, inner hair cells; OoC, organ of Corti; OHC, outer hair cells; PC, 

pillar cells; RM, Reissner’s membrane; SG, spiral ganglion; SL, spiral ligament; SV, stria 

vascularis. 
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Figure 2. Ikzf2/helios is required for hearing and OHC electromotility.  

(a-b) Averaged ABR thresholds for cello mice at P16 (a, n=4 biologically independent 

animals per genotype) and 1- and 9-months of age (b, n=5 biologically independent animals 

per genotype for each time point). Age-matched Ikzf2+/+ and Ikzf2cello/+ controls display 

thresholds within the expected range (15 – 30 dB SPL) at all time-points tested. Data shown 

are averaged thresholds ± s.e.m. P16 Ikzf2cello/cello vs Ikzf2+/+ (a) p-values: 8 kHz <0.0001, 16 

kHz <0.0001, 32 kHz <0.0001, Click <0.0001. P16 Ikzf2cello/cello vs Ikzf2cello/+ (a) p-values: 8 

kHz <0.0001, 16 kHz <0.0001, 32 kHz <0.0001, Click<0.0001. 1-month Ikzf2cello/cello vs 9-

month Ikzf2cello/cello (b) p-values: 8 kHz = 0.0284, 16 kHz = 0.0166, 32 kHz = 0.0303, Click = 

0.0042. Significance was assessed by one-way ANOVA with Tukey post-hoc test (a) or two-

sided Welch’s t-test (b). See also Extended Data Figure 4. 

(c-d) Images showing a patch pipette attached to an OHC from control Ikzf2cello/+ (c) and 

mutant Ikzf2cello/cello (d) cochleae at P16–P18. Red lines indicate the position of the OHC basal 



13 

membrane before (left) and during (right) a depolarizing voltage from step from –64 mV to 

+56 mV, highlighting the shorting of the cells. Scale=5 μm. Also shown are time-based z-

stack projections (right), where red lines indicate the resting position of the basal membrane

and the green lines indicate the movement. Ikzf2cello/+ n = 10 and Ikzf2cello/cello n = 21 z-stack

projections (one set per OHC) from 5 biologically independent animals per genotype.

(e-f) Average movement was significantly reduced in Ikzf2cello/cello OHCs compared to

Ikzf2cello/+ at P16–P18 (e), even after normalization to respective membrane capacitance (f)

(for this set of recordings, Ikzf2cello/+: 13.6 ± 0.4 pF; Ikzf2cello/cello: 10.0 ± 0.3 pF). Data shown

are averaged movement ± s.e.m. Ikzf2cello/+ n = 10 and Ikzf2cello/cello n = 21 OHCs from 5

biologically independent animals per genotype. p-value <0.0001, two-sided Welch’s t-test.

(g) Averaged DPOAE responses for cello mice at 1-month of age (n=5 biologically

independent animals per genotype). Data shown are averaged thresholds ± s.e.m. Ikzf2cello/cello

vs Ikzf2+/+ p-values: 8 kHz <0.0001, 16 kHz <0.0001, 32 kHz = 0.0004. P16 Ikzf2cello/cello vs

Ikzf2cello/+ p-values: 8 kHz <0.0001, 16 kHz <0.0001, 32 kHz = 0.0012. Significance was

assessed by one-way ANOVA with Tukey post-hoc test.

(h-i) NanoString validations of genes downregulated in Ikzf2cello/cello cochleae at P8 (h) and

results showing no change in expression of other OHC TFs (i). Data shown are mean

normalized reads relative to wild-type ± SD (n=4 biologically independent samples per

genotype). Ikzf2cello/cello vs Ikzf2+/+ p-values: Car7 = 0.028, Ppp17r1 = 0.006, Ocm = 0.017,

Slc26a5 = 0.017 (two-sided Welch’s t-test).
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Figure 3. Partial transcriptional conversion of Anc80-Ikzf2 transduced IHCs identified 

by scRNA-seq.  

(a) Representative Myo15Cre/+;ROSA26CAG-tdTomato cochlear whole-mount. Myo15-Cre-driven 

tdTomato expression is HC specific at P6 (n=3 biologically independent samples with similar 

results). Scale=50 µm.  

(b) tSNE plots of all cochlear HCs profiled by scRNA-seq, including the cluster to which 

each cell was assigned, the experimental origin of each cell (Anc80-Ikzf2 or Anc80-eGFP 

injected cochlea), and the relative transcript abundance of Anc80-Ikzf2 measured in each cell.  

(c) Anc80-Ikzf2 is highly expressed in the Anc80-Ikzf2(+) IHCs and OHCs, whereas Anc80-

eGFP expression is only seen in the cells assigned to the Anc80-Ikzf2(-) IHC and OHC 

clusters. Dots represent the expression values of individual cells, with width of violins 

summarizing overall relative distribution of expression. 

 (d) Canonical HC markers are highly expressed in all HC clusters, and not notably changed 

as a result of Anc80-Ikzf2 expression.  

(e) IHC-enriched genes that are highly expressed in control IHCs vs control OHCs, but are 

significantly reduced in Anc80-Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) 

IHC (n=40) FDR: Slc17a8 = 2.25E-12, Otof = 6.76E-14. Significance was assessed by 

Kruskal-Wallis test followed by post-hoc pairwise Wilcoxon Ranked Sum test adjusted for 

multiple comparisons. 

(f) OHC-enriched genes that are induced in Anc80-Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) 

vs. Anc80-Ikzf2(+) IHC (n=40) FDR: Ocm = 3.65E-08, Lbh = 1.81E-10. Significance was 

assessed by Kruskal-Wallis test followed by post-hoc pairwise Wilcoxon Ranked Sum test 

adjusted for multiple comparisons. 

See also Extended Data Figures 8 and 9. 
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Figure 4. Helios overexpression modulates expression of HC markers.  

(a-b) IHC markers OTOF and VGLUT3 are downregulated in Anc80-Ikzf2 transduced IHCs 

(n=3 biologically independent samples). Arrows = OHCs, arrowheads = IHCs. Scale=10µM. 

(c) The OHC marker OCM is expressed in Anc80-Ikzf2 transduced IHCs (n=3 biologically

independent samples per condition). Arrows = OHCs, arrowheads = IHCs. Scale=10 µm.

(d) Fcrlb expression during wild-type mouse inner ear development as detected by in situ

hybridization. While at E16, Fcrlb expression is not detected in the inner ear, by P0 it is

detected in both IHCs and OHCs and by P8, Fcrlb expression is largely restricted to the IHCs

(n=3 biologically independent samples per time point). Scale=10 µm.

(e) In the absence of functional helios (Ikzf2cello/cello mouse), Fcrlb is robustly expressed in

IHCs and OHCs at P8. IHC expression of Fcrlb is not affected by Anc80-eGFP transduction,

whereas Fcrlb expression is lost in Anc80-Ikzf2 transduced HCs (n=3 biologically

independent samples per condition). Scale=10 µm.

(f-g) Expression of prestin can be seen in Anc80-Ikzf2 transduced IHCs up to 8-weeks of age

(n=3 biologically independent samples at 6-8 weeks) (f, scale=100 µm), and overlaps with

Myc staining (g, scale=20 µm). See also Extended Data Figure 10.
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Methods 

Animal procedures 

Animal procedures performed at the University of Maryland School of Medicine were 

carried out in accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and have been approved by the Institutional Animal Care and Use 

Committee at the University of Maryland, Baltimore (protocol numbers 1112005 and 

1015003). The RiboTag (maintained on a C57BL/6N background), prestin-CreERT2 and 

Myo15-Cre mouse models (maintained on a C57BL/6J background) have been described 

previously5,6,22, and were generously provided for this study by Dr. Mary Kay Lobo, Dr. Jian 

Zuo, and Drs. Christine Petit and Thomas Friedman, respectively. CBA/CaJ mice (stock 

#000654) and B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J mice (stock #007914, referred to as 

ROSA26CAG-tdTomato) were procured from the Jackson Laboratory (Bar Harbor, ME). 

PrestinCreERT2 specificity was determined by crossing prestinCreERT2/CreERT2 mice to ROSA26CAG-

tdTomato mice, and resulting offspring were dissected at P21 for whole-mount 

immunohistochemistry. To generate animals for the RiboTag OHC RNA-seq dataset, 

RiboTagHA/HA mice were crossed to prestinCreERT2/CreERT2 mice to produce 

RiboTagHA/+;prestinCreERT2/+ mice. These mice were further intercrossed to obtain double 

homozygous RiboTagHA/HA;prestinCreERT2/CreERT2 animals, which were then crossed to CBA/CaJ 

mice to generate F1 RiboTagHA/+;prestinCreERT2/+ offspring on a mixed CBA/C57BL/6 

background, avoiding the recessively inherited age related hearing loss phenotype inherent to 

C57BL/6 mice23. Recombination was induced by tamoxifen injection (3 mg/40 g body weight 

in mice younger than 21 days, 9 mg/40 g body weight in mice 21 days or older), and cochlear 

tissues were collected at the following ages: P8, P14, P28, 6 weeks, and 10 weeks. For the cello 

RNA-seq and NanoString experiments, cochlear ducts from Ikzf2+/+, Ikzf2cello/+ and Ikzf2cello/cello 

mice were dissected at P8 and P16. CD-1 or C57BL/6 pregnant females were procured from 

Charles River (Frederick, MD) or the University of Maryland School of Medicine Veterinary 

Resources (Baltimore, MD). Resulting neonates were injected with Anc80L65 virus between 

P1 – P3, and dissected for later analyses between P8 and 8wk. For the Anc80L65 transduced 

IHC scRNA-seq experiment, Myo15Cre/Cre mice were crossed to ROSA26CAG-tdTomato mice, 

resulting offspring were injected with Anc80L65 virus between P1-P3, and the cochlear 

epithelium was collected at P8. Additionally, a number of litters with Anc80-Ikzf2 injected 

pups and their control littermates (aged P7 – P8), together with a mother, were sent to the 

University of Kentucky for the measurements of non-linear (voltage-dependent) capacitance, 

an electrical “signature” of electromotility. All animal procedures for these experiments were 

approved by the Institutional Animal Care and Use Committee at the University of Kentucky 

(protocol 00903M2005). Both male and female animals were used for all experiments.  

Animal procedures performed at the MRC Harwell Institute were licenced by the Home 

Office under the Animals (Scientific Procedures) Act 1986, UK and additionally approved by 

the relevant Institutional Ethical Review Committees. The cello mutant mouse was originally 

identified from the MRC Harwell Institute phenotype-driven N-ethyl-N-nitrosourea (ENU) 

Ageing Screen11. In this screen, ENU-mutagenized C57BL/6J males were mated with wild-

type ‘sighted C3H’ (C3H.Pde6b+) females24. The resulting G1 males were crossed with 

C3H.Pde6b+ females to produce G2 females, all of which were screened for the Cadherin23ahl 

allele23. Cadherin23+/+ G2 females were then backcrossed to their G1 fathers to generate 

recessive G3 pedigrees, which entered a longitudinal phenotyping pipeline. Auditory 

phenotyping comprised clickbox testing at 3-, 6-, 9- and 12-months of age and ABR at 9-

months of age. The Ikzf2del890 mutant line was generated by the Molecular and Cellular Biology 
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group at the MRC Harwell Institute using a CRISPR-Cas9-mediated deletion approach. Both 

male and female mice were used for experiments.  

RiboTag immunoprecipitations  

RiboTag immunoprecipitations were performed as described in Sanz et al., 20096. 

Briefly, for one biological sample, 10 cochlear ducts from 5 mice were pooled and 

homogenized in 1 ml of supplemented homogenization buffer (50 mM Tris-HCl pH.7, 100 mM 

KCl, 12 mM MgCl2, 1% Nonidet P-40, 1 mM 1,4-Dithiothreitol, 1X protease inhibitor cocktail, 

200 U/mL RNAseOUT, 100 μg/ml cycloheximide, 1 mg/ml heparin). Homogenates were spun 

down (10,000 rpm for 10 minutes at 4ᵒC) to remove particulates. 40 μl of homogenate was 

reserved for total RNA isolation (input control), and the remaining homogenate was incubated 

with 5 μg HA antibody (BioLegend) at 4ᵒC under gentle rotation for 4 – 6 hours. The 

supernatant was then added to 300 μl of rinsed Invitrogen Dynabeads Protein G magnetic beads 

(Thermo Fisher), and incubated overnight at 4ᵒC under gentle rotation. The following day, 

bound beads were rinsed three times with 800 μl high salt buffer (50 mM Tris-HCl pH.7, 300 

mM KCl, 12 mM MgCl2, 1% Nonidet P-40, 1 mM 1,4-Dithiothreitol, 100 μg/ml 

cycloheximide) at 4ᵒC for 10 minutes, rotating. 350 μl of buffer RLT from the RNeasy Plus 

Micro kit (Qiagen) was then added to the beads or reserved input sample, and vortexed for 30 

seconds to bound ribosomes and RNA. RNA was extracted according to the manufacturer’s 

instructions for the RNeasy Plus Micro kit (Qiagen), using 16 µl of nuclease free water for 

elution as recommended by Sanz et al. This method yielded an average of 10.9 ng of IP RNA 

(average concentration = 0.68 ng/µl) and 185.6 ng of input RNA (average concentration = 10.9 

ng/µl) for downstream analyses. All RNA samples used for RNA-seq had a minimum RNA 

integrity number (RIN) of 8. 

 

cello cochlear RNA extractions 

 

For the cello RNA-seq, cochlear ducts from P8 Ikzf2+/+ and Ikzf2cello/cello mice were 

dissected and pooled (6 cochlear ducts/sample) to generate two biological replicates per 

genotype. For the NanoString validations, cochlear ducts from P8 Ikzf2cello/cello, Ikzf2cello/+ and 

Ikzf2+/+ mice were dissected and pooled (2 – 4 cochlear ducts/sample) to generate four 

biological replicates per genotype. RNA was extracted using the Direct-zol™ RNA MiniPrep 

kit (Zymo Research) following the manufacturer’s instructions. RNA quality and concentration 

were assessed using the Agilent RNA Pico kit (Agilent Technologies). All RNA samples used 

for RNA-seq had a minimum RNA integrity number (RIN) of 8.  

 

RNA-seq and normalization 

 

RiboTag OHC RNA-seq libraries were prepared using the NEBNext® Ultra™ 

Directional RNA Library Prep Kit for Illumina (New England Biolabs), and samples were 

sequenced in at least biological duplicates on a HiSeq 4000 system (Illumina) using a 75 bp 

paired end read configuration. P8 Ikzf2+/+ and Ikzf2cello/cello RNA libraries were prepared using 

the TruSeq RNA Sample Prep kit (Illumina), and samples were sequenced in biological 

duplicates on a HiSeq 2000 system (Illumina) and a 125 bp paired end read configuration. 

Reads were aligned to the Mus musculus reference genome (assembly GRCm38.87 [RiboTag] 

or GRCm38.84 [P8 cello]) using TopHat v2.0.825, and HTSeq was used to quantify the number 

of reads aligning to predicted coding regions26. See Supplementary Table 12 for alignment 

statistics. Expression levels were normalized using quantile normalization. In downstream 

analyses, only genes covered by at least 20 reads in a minimum of two samples from the same 
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biological condition were considered as expressed. Significant differential gene expression 

between samples was assessed using DEseq27. In addition to statistical significance between 

samples (FDR≤0.05), we also required a complete separation of expression levels between 

compared conditions for a gene to be called as differentially expressed. That is, for a gene to 

be called downregulated in condition A compared to condition B, we required that all 

normalized expression levels measured in the samples of condition A to be lower than all 

normalized expression levels measured in the samples of condition B. To avoid inflation of 

fold change estimates for lowly expressed genes, a floor level equal to the 10th percentile of the 

distribution of the expression levels was applied (i.e., all expression values below the 10th 

percentile were set to the 10th percentile value). The OHC enrichment factors (EF) were 

calculated for each gene and time point by comparing the RiboTag IP samples to matched input 

samples, and are defined as the Log2 ratio of expression levels between the IP and input 

samples. Inspection of these EFs revealed a systematic association to transcripts length 

(Supplementary Fig.2a). Therefore, we used a locally weighted regression, implemented by the 

R lowess function, to remove this systematic effect (Supplementary Fig.2b). The RiboTag 

OHC RNA-seq and P8 cello cochlea RNA-seq data have been submitted to the Gene 

Expression Omnibus database (GEO accession numbers GSE116703 and GSE116702), and 

are additionally available for viewing through the gEAR Portal (https://umgear.org/). 

 

Gene expression analyses 

 

Genes with a changed level of expression in OHC IP samples at any time point relative 

to P8 were subjected to a clustering analysis using the CLICK algorithm, implemented in the 

EXPANDER package28,29. Gene Ontology (GO) enrichment analysis was carried out using the 

EXPANDER implemented tool TANGO28. The adult mouse IHC and OHC transcriptomic 

dataset used for comparisons was generated by Liu et al., 2014 and can be accessed through 

the Gene Expression Omnibus database (GEO accession number GSE111348)7. The expanded 

motif prediction analysis was performed using iRegulon10 through the Cytoscape visualization 

tool30. The analysis was performed on the putative regulatory region of 20 kb centered around 

the TSS using default settings.  

 

Immunohistochemistry 

 For cochlear sections, mice were culled by cervical dislocation and inner ears fixed in 

4% paraformaldehyde (PFA) overnight at 4°C then decalcified in 4% 

ethylenediaminetetraacetic acid (EDTA) in PBS. Ears were positioned in 4% low melting 

temperature agarose (Sigma-Aldrich) in upturned BEEM® capsules (Agar Scientific) at a 45° 

diagonal angle, with the apex of the cochlea facing down and the vestibular system uppermost. 

Once set, the agarose block was removed from the BEEM® capsule and 200 µm sections were 

cut through the mid-modiolar plane of the cochlea using a Leica VT1000S Vibratome. Sections 

were simultaneously permeabilized and blocked with 10% donkey serum (Sigma) in 0.3% 

Triton-X for 30 minutes at room temperature (RT) then labelled with primary antibodies for 3 

hours at RT. To enable detection, samples were incubated with fluorophore-coupled secondary 

antibodies for 2 hours at RT then stained with DAPI (1:2500, Thermo Fisher) for 5 minutes. 

Sections were transferred to WillCo glass bottom dishes (Intracel) and visualized free-floating 

in PBS using a Zeiss 700 inverted confocal microscope (10x – 40x magnification). Primary 

antibodies: goat anti-Helios M-20 (1:400, Santa Cruz Biotechnology); mouse anti-β-Actin 

(1:500, Abcam). Secondary antibodies: Alexa Fluor® 568 donkey anti-goat (Invitrogen, 1:200) 

and Alexa Fluor® 488 donkey anti-mouse (Invitrogen, 1:200).  

  



19 

For cochlear whole-mounts, mice were euthanized by cervical dislocation and inner 

ears fixed in 2% PFA for 30 minutes at 4°C. Post-fixation, ears were fine dissected to expose 

the sensory epithelium then immediately permeabilized in 0.2% Triton-X for 10 minutes and 

blocked with 10% donkey serum (Sigma) for 1 hour at RT. Cochleae were immunolabelled 

with goat anti-Helios M-20 (1:400, Santa Cruz Biotechnology) overnight at 4°C then incubated 

with Alexa Fluor® 568 donkey anti-goat secondary (1:200, Invitrogen) and the F-actin marker 

Alexa Fluor® 488 Phalloidin (1:200, Invitrogen) for 1 hour at RT. Samples were washed with 

DAPI (1:2500, Thermo Fisher) for 60 seconds to stain nuclei then mounted onto slides with 

SlowFade® Gold (Life Technologies) and visualized using a Zeiss LSM 710 fluorescence 

confocal microscope and 63x oil magnification.  

Identification of the cello mutation 

DNA was extracted from ear biopsies of affected G3 mice using the DNeasy Blood and 

Tissue Kit (Qiagen) and used for an initial genome-wide linkage study, employing SNP 

markers polymorphic between the parental strains C57BL/6J and C3H.Pde6b+ (Tepnel Life 

Sciences). Following linkage to a 21.57 Mb region on Chromosome 1, additional SNP markers 

were identified and genotyped using standard PCR and restriction endonuclease protocols in 

order to delineate an 8.4 Mb critical interval between SNPs rs31869113 and rs13475914. 

Subsequently, high-quality DNA was extracted from the tail of an affected G3 mouse using the 

Illustra™ Nucleon BACC2 Genomic DNA Extraction Kit (GE Healthcare) and sequenced by 

the Oxford Genomics Centre (Wellcome Trust Centre for Human Genetics, Oxford, UK) using 

the HiSeq system (Illumina). Sequencing reads were aligned to the mouse reference genome 

(assembly GRCm38) and known C57BL/6J and C3H.Pde6b+ SNPs were filtered out, leaving 

variants that were then given a quality score based on their sequencing read depth. Variants 

within the 8.4 Mb critical region which were deemed heterozygous, low-confidence (quality 

score <200), non-coding or synonymous were discounted. The putative Ikzf2 lesion was 

amplified by standard PCR (see Supplementary Table 13 for genotyping primers) and validated 

by Sanger sequencing, using DNA from an affected G3 animal, as well an unaffected G3 

(control). Sequence gaps that spanned coding regions were amplified by PCR using DNA from 

an affected G3 mouse and analysed by Sanger sequencing. In all cases, sequence data were 

assessed for variation using DNASTAR Lasergene software (version 12.0.0).  

In silico analyses 

Three independent online tools were used to predict the functional effect of the cello 

mutation in silico: Sorting Intolerant From Tolerant (SIFT); Polymorphism Phenotyping 

version 2 (PolyPhen-2); and Protein Variation Effect Analyser (PROVEAN)31–33. Structural 

3D representations of wild-type and H517Q helios ZnF6 were predicted with RaptorX34, using 

peptide sequences as input, and visualized using pyMOL software (version 1.7). 

In vitro analyses 

A full-length Ikzf2+ helios construct was prepared using the pGEM®-T Vector System 

II Kit (Promega) and used as a template for the generation of an Ikzf2cello helios construct with 

the QuikChange® Lightning Site-Directed Mutagenesis Kit (Agilent Technologies). Plasmid 

DNA was prepared using the Wizard® Plus SV Miniprep Purification System (Promega) and 

validated by Sanger sequencing. Sequence-verified Ikzf2+ and Ikzf2cello constructs were 

subcloned in-frame into pCMV-Myc and pEGFP-C3 mammalian expression vectors 
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(generously provided by Dr. Chris Esapa), to yield N-terminally tagged Ikzf2+ and Ikzf2cello 

helios. See Supplementary Table 13 for cloning and mutagenesis oligonucleotide sequences.  

Constructs were subsequently employed for subcellular localization studies using male 

Cercopithecus aethiops SV40 transformed kidney cells (Cos-7) cells (generously provided by 

Dr. Chris Esapa) that had been seeded onto 22 x 22 mm glass coverslips in six-well plates, at 

a volume of 1x105 cells per well. After 24 hours (or when at 50 – 60% confluency), cells were 

transiently transfected with 1 µg DNA of Ikzf2+-Myc or Ikzf2cello-Myc helios construct using 

JetPEI® DNA Transfection Reagent (Polyplus Transfection). At 24 hours post-transfection, 

cells were fixed in 4% PFA for 10 minutes and permeabilised with 1% Triton-X for 15 minutes 

at RT. After blocking in 10% donkey serum (Sigma) for 1 hour at RT, cells were 

immunolabelled with goat anti-Helios M-20 primary antibody (1:600, Santa Cruz 

Biotechnology) overnight at 4°C then incubated with Alexa Fluor® 488 donkey anti-goat 

secondary antibody (1:200, Invitrogen) and F-actin marker Texas Red®-X Phalloidin (1:200, 

Invitrogen) for 1 hour at RT. Cells were washed with DAPI (1:2500, Thermo Fisher) for 60 

seconds. Coverslips were mounted onto slides with SlowFade® Gold (Life Technologies) and 

cells were visualized using a Zeiss LSM 710 multiphoton fluorescence confocal microscope 

and 63x oil magnification. 

Constructs were also utilized for co-immunoprecipitation studies using Homo sapiens 

embryonic kidney cells (HEK293T) cells (generously provided by Dr. Chris Esapa) that had 

been seeded directly onto six-well plates at a volume of 5x105 cells per well. Cells were 

transiently co-transfected 24 hours later with a total of 2 µg plasmid DNA to mimic the wild-

type (1 µg Ikzf2+-Myc helios + 1 µg Ikzf2+-GFP helios), heterozygous (1 µg Ikzf2+-Myc helios 

+ 1 µg Ikzf2cello-GFP helios; 1 µg Ikzf2cello-Myc helios + 1 µg Ikzf2+-GFP helios) or homozygous

(1 µg Ikzf2cello-Myc helios + 1 µg Ikzf2cello-GFP helios) states using JetPEI® DNA Transfection

Reagent (Polyplus Transfection). Single transfections with either 1 µg Ikzf2+-GFP helios or 1

µg Ikzf2+-Myc  helios were also carried out for negative controls. Cells were lysed in 250 µl of

1x RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris pH

7.5 in milliQ water) at 48 hours post-transfection, then incubated with Protein G Sepharose®

Beads (Sigma) for 2 hours at 4°C. The beads were pelleted by centrifugation and the

supernatant incubated with either 1 µg of mouse anti-cMyc 9E10 antibody (Developmental

Studies Hybridoma Bank) or 1-2 µg of custom-made rabbit anti-GFP antibody overnight at

4°C. The immunoprecipitation complexes were captured using Protein G beads, washed with

RIPA buffer and released by incubation with NuPAGE Reducing Agent (Novex).

Immunoprecipitation reactions and their corresponding reduced cell lysate were analysed by

western blotting. Samples were electrophoresed on NuPage 4 – 12% Bis-Tris gels (Invitrogen)

and transferred onto nitrocellulose membranes using the iBlot® system (Invitrogen).

Membranes were incubated with mouse anti-cMyc 9E10 antibody (1:5000, Developmental

Studies Hybridoma Bank) and custom-made rabbit anti-GFP (1:1000, CUK-1819 MGU-GFP-

FL) primary antibodies. Mouse 12G10 anti-α-Tubulin (1:10,000, Developmental Studies

Hybridoma Bank) was also used as a loading control. For detection, membranes were incubated

with goat anti-mouse IRDye 680RD (1:15000, LI-COR) and goat anti-rabbit IRDye 800CW

secondary antibodies (1:15000, LI-COR) and imaged using the Odyssey® CLx Infrared

Imaging System (LI-COR). For quantification, band intensities were determined using the

Image Studio Lite Ver 5.2 software and used to calculate the relative ratio of Co-IP to IP signal.

Cos-7 and HEK293T cells were grown at 37°C under 5% carbon dioxide (CO2) conditions in

Dulbecco’s Modified Eagle Medium (Invitrogen) containing 10% heat-inactivated foetal

bovine serum (FBS) (Invitrogen) and 1X penicillin/streptomycin (Invitrogen).
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Auditory brainstem response (ABR) 

ABR tests were performed using a click stimulus in addition to frequency-specific 

tone-burst stimuli to screen mice for auditory phenotypes and investigate auditory function35. 

Mice were anaesthetized by intraperitoneal injection of ketamine (100 mg/ml at 10% v/v) and 

xylazine (20 mg/ml at 5% v/v) administered at the rate of 0.1 ml/10 g body mass. Animals 

were placed on a heated mat inside a sound-attenuated chamber (ETS Lindgren) and 

electrodes were placed subdermally over the vertex (active), right mastoid (reference) and left 

mastoid (ground). ABR responses were collected, amplified and averaged using TDT System 

3 (Tucker Davies Technology, Alachua, FL, USA) in conjunction with either BioSig RP 

(version 4.4.11) or BioSig RZ (version 5.7.1) software. The TDT system click ABR stimuli 

comprised clicks of 0.1 ms broadband noise spanning ~2-48 kHz, presented at a rate of 

21.1/sec with alternating polarity. Tone-burst stimuli were of 7 ms duration, inclusive of 1 ms 

rise/fall gating using a Cos2 filter, presented at a rate of 42.5/s and were measured at 8, 16, 

and 32 kHz. All stimuli were presented free-field to the right ear of the mouse, starting at 90 

dB SPL and decreasing in 5 dB increments. Auditory thresholds were defined as the lowest 

dB SPL that produced a reproducible ABR trace pattern and were determined manually. All 

ABR waveform traces were viewed and re-scored by a second operator blind to genotype. 

Animals were recovered using 0.1 ml of anaesthetic reversal agent atipamezole (Antisedan™, 

5 mg/ml at 1% v/v), unless aged P16, when the procedure was performed terminally. 

Generation of Ikzf2del890 mice 

The Ikzf2del890 mutant line was generated by the Molecular and Cellular Biology group 

at the Mary Lyon Centre, MRC Harwell Institute using CRISPR-Cas9 gene editing, as in 

Mianné  et al., 2016 (see Supplementary Table 13 for single guide RNA (sgRNA) sequences, 

donor oligonucleotide sequences and genotyping primers)36. For construction of each sgRNA 

plasmid, a pair of single-stranded donor oligonucleotides (IDT) was hybridized and cloned 

using Gibson Assembly® Master Mix (NEB) into linearized p_1.1 plasmid digested with StuI 

and AflII in order to express sgRNAs under the T7 promoter.  

The p_1.1_sgRNA plasmids were linearized with XbaI, phenol-chloroform purified and 

the products used as templates from which sgRNAs were in vitro transcribed. sgRNAs were 

synthesized using MEGAshortscript™ T7 Transcription Kit (Ambion). RNAs were purified 

using MEGAclear™ Transcription Clean-Up Kit (Ambion). RNA quality was assessed using 

a NanoDrop (Thermo Scientific) and by electrophoresis on 2% agarose gel containing 

Ethidium Bromide (Fisher Scientific). 

As this exon deletion mutant was generated as part of an experiment to generate a floxed 

mutant, a Ikzf2 flox long single-stranded DNA (lssDNA) donor was also synthesized as per 

Codner et al., 2018, for inclusion in the microinjection mix37. 

For microinjections, the pronucleus of one-cell stage C57BL/6NTac embryos were 

injected with a mix containing Cas9 mRNA (5meC,Ψ, Tebu-Bio/TriLink Biotechnologies) at 

100 ng/µl, the four Ikzf2 sgRNAs, each at 50 ng/µl and the Ikzf2 flox lssDNA donor at 50 ng/µl 

prepared in microinjection buffer. Injected embryos were re-implanted in pseudo-pregnant 

CD1 females, which were allowed to litter and rear F0 progeny. 

For genotyping, genomic DNA was extracted from ear biopsies of F0 and F1 mice using 

DNA Extract All Reagents Kit (Applied Biosystems) and amplified by PCR using high fidelity 

Expand Long Range dNTPack (Roche) and specific genotyping primers (see Supplementary 
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Table 13). PCR products were further purified using QIAquick Gel Extraction Kit (Qiagen) 

and analysed by Sanger sequencing. Copy counting experiments by ddPCR against a known 

two copy reference (Dot1l) were also carried out to confirm the exon deletion and that there 

were no additional integrations of the lssDNA donor. Mice carrying the del890 deletion allele 

were subsequently mated with mice carrying the cello mutation in order to generate 

Ikzf2cello/del890 compound heterozygotes for complementation testing. 

 

Scanning electron microscopy 

Mice were culled by cervical dislocation and inner ears were removed and fixed in 2.5% 

glutaraldehyde (TAAB Laboratories Equipment Ltd.) in 0.1 M phosphate buffer for 4 hours at 

4°C. Following decalcification in 4.3% EDTA, cochleae were dissected to expose the organ of 

Corti, and subjected to ‘OTO’ processing (1 hour incubation in 1% osmium tetroxide (TAAB 

Laboratories Equipment Ltd.), 30 minute incubation in 1% thiocarbohydrazide (Sigma), 1 hour 

incubation in 1% osmium tetroxide), before dehydration in increasing concentrations of ethanol 

(25%, 40%, 60%, 80%, 95%, 2 x 100%) at 4°C. Samples were critical point dried with liquid 

CO2 using an Emitech K850 (EM Technologies Ltd), then mounted on stubs using silver paint 

(Agar Scientific) and sputter coated with platinum using a Quorum Q150R S sputter coater 

(Quorum Technologies). Samples were examined using a JEOL JSM-6010LV Scanning 

Electron Microscope. Hair cell bundle counts were performed by counting the number of OHC 

and IHC bundles adjacent to ten pillar cells in the apical (<180° from apex), mid (180 – 450° 

from apex) and basal (> 450° from apex) regions of the cochlea. At least three ears (one ear 

per mouse) were analysed for each genotype at each time point.  

 

Electrophysiological analyses 

 Electrophysiological recordings were made from OHCs of cello mice aged P9 – P18. 

Cochleae were dissected in normal extracellular solution (in mM): 135 NaCl, 5.8 KCl, 1.3 

CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 5.6 D-glucose, 10 Hepes-NaOH. Sodium pyruvate (2 mM), 

MEM amino acids solution (50X, without L-Glutamine) and MEM vitamins solution (100X) 

were added from concentrates (Fisher Scientific, UK). The pH was adjusted to 7.5 (osmolality 

~308 mmol kg-1). The dissected cochleae were transferred to a microscope chamber, 

immobilized as previously described38 and continuously perfused with a peristaltic pump using 

the above extracellular solution. The organs of Corti were viewed using an upright microscope 

(Nikon FN1, Japan) with Nomarski optics (x60 objective). 

 

MET currents were elicited by stimulating the hair bundles of P9 OHCs in the 

excitatory and inhibitory direction using a fluid jet from a pipette (tip diameter 8 – 10 µm) 

driven by a piezoelectric disc38. The pipette tip of the fluid jet was positioned near to the 

bundles to elicit a maximal MET current. Mechanical stimuli were applied as 50 Hz sinusoids 

(filtered at 0.25 kHz, 8-pole Bessel) with driving voltages of  40 V. MET currents were 

recorded with a patch pipette solution containing (in mM): 106 Cs-glutamate, 20 CsCl, 3 

MgCl2, 1 EGTA-CsOH, 5 Na2ATP, 0.3 Na2GTP, 5 Hepes-CsOH, 10 sodium phosphocreatine 

(pH 7.3). Membrane potentials were corrected for the liquid junction potential (–11 mV). 

 

Patch clamp recordings were performed using an Optopatch (Cairn Research Ltd, UK) 

amplifier. Patch pipettes were made from soda glass capillaries (Harvard Apparatus Ltd, UK) 

and had a typical resistance in extracellular solution of 2-3 M. In order to reduce the electrode 

capacitance, patch electrodes were coated with surf wax (Mr Zoggs SexWax, USA). Potassium 

current recordings were performed at RT (22 – 24ºC) and the intracellular solution contained 



23 

(in mM): 131 KCl, 3 MgCl2, 1 EGTA-KOH, 5 Na2ATP, 5 Hepes-KOH, 10 Na2-

phosphocreatine (pH 7.3; osmolality ~296 mmol kg-1). Data acquisition was controlled by 

pClamp software (version 10) using Digidata 1440A boards (Molecular Devices, USA). 

Recordings were low-pass filtered at 2.5 kHz (8-pole Bessel), sampled at 5 kHz and stored on 

computer for off-line analysis (Origin: OriginLab, USA). Membrane potentials in voltage 

clamp were corrected for the voltage drop across the uncompensated residual series resistance 

and for a liquid junction potential (–4 mV).  

The presence of electromotile activity in P16 – P18 OHCs was estimated by applying 

a depolarizing voltage step from the holding potential of –64 mV to +56 mV. Changes in cell 

length were viewed and recorded with a Nikon FN1 microscope (75x magnification) with a 

Flash 4.0 SCCD camera (Hamamatsu, Japan). Cell body movement was tracked using Fiji 

software. Lines were drawn across the basal membrane of patched OHCs, perpendicular to the 

direction of cell motion, and a projected time-based z-stack of the pixels under the line was 

made. Cell movement was measured with Photoshop as a pixel shift and then converted to nm 

(290 pixels = 10 µm). 

Non-linear (voltage-dependent) capacitance of IHCs in Anc80-Ikzf2 injected mice and 

their non-injected littermates was studied at P12 – P16 using conventional whole cell patch 

clamp recordings. Apical turn of the organ of Corti was carefully dissected in Leibovitz's L-15 

cell culture medium (Cat #21083027, Gibco/ThermoFisher, USA) containing the following 

inorganic salts (in mM): NaCl (137), KCl (5.4), CaCl2 (1.26), MgCl2 (1.0), Na2HPO4 (1.0), 

KH2PO4 (0.44), MgSO4 (0.81)  and placed into the custom-made recording chamber, where it 

was held by two strands of dental floss. The organ of Corti explants were viewed with an 

upright microscope (BX51WIF, Olympus, Japan), equipped with a high numerical aperture 

(NA) objective (100x, 1.0 NA). To block voltage-gated ion channels in IHCs, the bath solution 

was made of L-15 medium supplemented with 10 mM tetraethylammonium-Cl, 2 mM CoCl2, 

10 mM CsCl, and 0.1 mM Nifedipine (all from Sigma, USA), while the intrapipette solution 

contained (in mM): CsCl (140), MgCl2 (2.5), Na2ATP (2.5), EGTA (1.0), HEPES (5). During 

recordings, the organs of Corti were continuously perfused with the above extracellular bath 

solution. Whole cell current responses were recorded with MultiClamp 700B patch clamp 

amplifier (Molecular Devices, USA), controlled by jClamp software (SciSoft, USA). 

Membrane capacitance was measured during the voltage ramp with a dual sinusoidal, FFT-

based method39. The recorded capacitance was fitted to the first derivative of a two-state 

Boltzmann function that is typically used to fit non-linear capacitance of OHCs plus a small 

correction for the membrane area changes between expanded and contracted states of prestin40, 

as follows: 

Cm = Cv + Clin, where Cm is the total membrane capacitance, Cv is a voltage-dependent 

(non-linear) component, and Clin is a voltage-independent (linear) component. 

𝐶𝑉 = 𝑄𝑚𝑎𝑥

𝑧𝑒

𝑘𝑇

𝑏

(1 + 𝑏)2
+

𝛥𝐶𝑠𝑎

(1 + 𝑏−1)
;   𝑏 = 𝑒𝑥𝑝 (

−𝑧𝑒(𝑉 − 𝑉𝑝𝑘)

𝑘𝑇
) 

where, Qmax is the maximum nonlinear charge moved, Vpk is a voltage at peak capacitance, V 

is membrane potential, z is valence, e is electron charge, k is Boltzmann’s constant, T is 

absolute temperature, and Csa is the maximum increase in capacitance that occurs when all 

prestin molecules change from compact to expanded state. To account for some variability in 

sizes of IHCs, statistical data are shown as the maximum of voltage-dependent component of 

capacitance (Cv) normalized to the linear capacitance of the cell (Cv/Clin).   
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Distortion Product Oto-Acoustic Emissions (DPOAEs) 

 

DPOAE tests were performed using frequency-specific tone-burst stimuli at 8, 16 and 

32 kHz with the TDT RZ6 System 3 hardware and BioSig RZ (version 5.7.1) software (Tucker 

Davis Technology, Alachua, FL, USA). An ER10B+ low noise probe microphone (Etymotic 

Research) was used to measure the DPOAE near the tympanic membrane. Tone stimuli were 

presented via separate MF1 (Tucker Davis Technology) speakers, with f1 and f2 at a ratio of 

f2/f1 = 1.2 (L1=65 dB SPL, L2=55 dB SPL), centred around the frequencies of 8, 16 and 32 

kHz. Surgical anaesthesia was achieved by intraperitoneal injection of ketamine (100 mg/ml at 

10% v/v), xylazine (20 mg/ml at 5% v/v) and acepromazine (2 mg/ml at 8% v/v) administered 

at a rate of 0.1 ml/10 g body mass. Once the required depth of anaesthesia was confirmed by 

the lack of the pedal reflex, a section of pinna was removed to allow unobstructed access to the 

external auditory meatus. Mice were then placed on a heated mat inside a sound-attenuated 

chamber (ETS-Lindgren) and the DPOAE probe assembly was inserted into the ear canal using 

a pipette tip to aid correct placement. In-ear calibration was performed before each test. The f1 

and f2 tones were presented continuously and a fast-Fourier transform was performed on the 

averaged response of 356 epochs (each ~21 ms). The level of the 2f1-f2 DPOAE response was 

recorded and the noise floor calculated by averaging the four frequency bins either side of the 

2f1-f2 frequency.  

 

NanoString validation  

 

Cochlear RNA extracted from biological triplicates of Ikzf2cello/cello, Ikzf2cello/+ and 

Ikzf2+/+ animals at P8 were processed for NanoString validation at the UMSOM Institute for 

Genome Sciences using the nCounter Master Kit per manufacturer’s instructions, and 

quantified using the NanoString nCounter platform. See Supplementary Table 13 for 

NanoString probe sequences. Data were analyzed using nSolver 4.0 software (NanoString).  

 

Anc80L65 AAV vector construction  

 

The Anc80L65-Myc-Ikzf2+ (Anc80-Ikzf2) expression vector was designed to drive 

expression of a Myc-tagged Ikzf2 construct followed by a bovine Growth Hormone poly-

adenylation (BGH pA) site under control of the cytomegalovirus (CMV) promoter. The 

Anc80L65-eGPF (Anc80-eGFP) expression construct also contained a Woodchuck Hepatatis 

Virus Posttranscriptional Regulatory Element (WPRE) preceding the BGH pA site. Anc80L65 

AAV vectors16,17 were produced by the Gene Transfer Vector Core, Grousbeck Gene Therapy 

Center at the Massachusetts Eye and Ear Infirmary (Boston, MA) 

(http://vector.meei.harvard.edu/). 

 

Inner ear gene delivery  

 

For in vivo HC transductions, mice were injected with Anc80L65 AAVs between P1 

to P3 via the posterior semicircular canal following the injection method described in Isgrig et 

al., 201741. Briefly, animals were anesthetized on ice before a post-auricular incision was made 

on either the left or right side. Tissues were further dissected to reveal the posterior semicircular 

canal, and a Nanoliter 2010 microinjection system (World Precision Instruments) equipped 

with a loaded glass needle was used to inject 700 nl of 1.13E+13GC/ml Anc80-Ikzf2 or 500 nl 

of 4.85E+12GC/ml Anc80-eGFP. Injections into the inner ear were performed in 50 nl 

increments over the course of 2 minutes. The needle was then removed, the incision sutured, 

and animals were placed on a 37°C heating pad to recover before being returned to their cage.  
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Fluorescence activated cell sorting (FACS) 

For the scRNA-seq analysis of Anc80-Ikzf2 transduced HCs, inner ears of neonatal 

Myo15Cre/+;ROSA26CAG-tdTomato mice were injected with Anc80-Ikzf2 (4 mice) or control 

Anc80-eGFP (2 mice) via the posterior semicircular canal. Cochlear tissues from both injected 

and uninjected ears were harvested at P8 and further dissected to reveal the sensory epithelium. 

Inclusion of the uninjected ear in the single cell analysis allowed for the study of changes in 

gene expression that occur in response to a gradient of transgene expression. This is because, 

in mice, inner ear gene delivery often results in transduction in the contralateral ear, albeit at a 

lower intensity17. Cochlear tissues were then dissociated for fluorescence activated cell sorting 

(FACS) following the method described in Elkon et al., 20158. Briefly, the sensory epithelia 

from Anc80-eGFP and Anc80-Ikzf2 injected mice were pooled separately into 2 wells of a 48-

well plate containing 0.5 mg/ml Thermolysin (Sigma). Tissues were incubated at 37°C for 20 

minutes, after which the Thermolysin was removed and replaced with Accutase enzyme 

(MilliporeSigma). After a 3 minute incubation at 37°C, tissues were mechanically disrupted 

using a 23G blunt ended needle connected to a 1 ml syringe. This step was performed twice. 

After confirming tissue dissociation by direct visualization, the dissociation reaction was 

stopped by adding an equal volume of IMDM supplemented with 10% heat-inactivated FBS to 

the Accutase enzyme solution. Cells were passed through a 40 mm cell strainer (BD) to remove 

cell clumps. tdTomato expressing HCs were sorted into ice cold tubes containing IMDM with 

10% FBS on a BD FACSAria II (BD Biosciences) and processed for scRNA-seq. Flow 

cytometry analyses were performed with assistance from Dr. X. Fan at the University of 

Maryland Marlene and Stewart Greenebaum Comprehensive Cancer Center Flow Cytometry 

Shared Service. 

Single cell RNA-seq (scRNA-seq) 

tdTomato positive sorted HCs were pelleted once (300 g at 4°C) and resuspended in a 

minimal remaining volume (~30 µl). HC-enriched single cell suspensions were then used as 

input on the 10X Genomics Chromium platform with 3’ Single Cell v2 chemistry (10x 

Genomics). Following capture and library preparation, single cell RNA-seq libraries were 

sequenced on a NextSeq 500 (Illumina) in collaboration with the NIDCD Genomics and 

Computational Biology Core. Samples were sequenced to an average depth of over 300,000 

reads per cell, which resulted in detection of a median of >3,000 genes (Anc80-eGFP) and 

>4,000 genes (Anc80-Ikzf2) per cell, ensuring maximal transcriptional complexity and

detection of low-abundance transcripts (see Extended Data Fig.9b-c). Reads were aligned to a

modified mm10 mouse reference containing the sequences for the Ai14 locus, as well as

Anc80-eGFP and Anc80-Ikzf2 viral sequences (Extended Data Fig.9a) using the 10X

Genomics cellranger (version 2.0.2) package to generate the read counts matrix files. Read

counts from viral and Ai14 loci were removed from the expression matrix before

dimensionality reduction so as to not influence data clustering. Cells from these HC clusters

were determined to be Anc80-Ikzf2(+) versus Anc80-Ikzf2(-), and IHCs versus OHCs, based

on their expression of Anc80-Ikzf2 and Slc17a8, respectively (Fig.3, Extended Data Fig.8 and

9, Supplementary Table 9). Slc26a5 was not well detected in the scRNA-seq dataset and was

therefore not used as an OHC marker. After clustering, four HCs were excluded based on co-

expression of a contaminating cell type. Secondary analyses, including shared nearest neighbor

(SNN) clustering, tSNE embedding, and differential expression testing (using either Wilcoxon

Ranked Sum for marker gene identification or MAST for pairwise comparison between control

inner and outer HCs) were performed in R with Seurat (version 2.1.0)42,43. Non-parametric
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analysis of variance between the four classified groups of HCs (IHCs and OHCs with either 

high or low Anc80-Ikzf2 expression) using a Kruskal-Wallis test was performed to help qualify 

genes that had statistical difference across these cell populations. This was followed by post-

hoc pairwise Wilcoxon Ranked Sum comparisons to assess multiple-comparison-adjusted p-

values. Additional plots were generated by NMF (version 0.20.6) and ggplot2 (version 

2.2.1)44,45. These analyses utilized the computational resources of the NIH HPC Biowulf cluster 

(http://hpc.nih.gov). scRNA-seq data have been submitted to the Gene Expression Omnibus 

database (GEO accession number GSE120462), and are additionally available for viewing 

through the gEAR Portal (https://umgear.org/). 

 

Immunohistochemistry of AAV-injected cochleae 

 

Mouse inner ears injected with either Anc80-Ikzf2 or Anc80-eGFP were between P8 

and 8 weeks, fixed in 4% PFA in PBS overnight at 4°C, and decalcified in a solution of 5% 

EDTA in RNAlater (Invitrogen). Decalcified ears were processed by sucrose gradient and 

embedded in OCT compound (Tissue-Tek) for cryosectioning, or fine dissected for whole-

mount immunohistochemistry. 10 µm sections on positively charged glass slides were used for 

in situ hybridization (ISH) and section immunohistochemistry. For whole-mount 

immunolabeling at 6-8 weeks, HC loss was observed in the injected ear and therefore the 

contralateral ear, expressing a lower level of the Anc80-Ikzf2 virus, was used. Primary 

antibodies: goat anti-prestin N-20 (1:200, Santa Cruz Biotechnology), goat anti-Oncomodulin 

N-19 (1:100, Santa Cruz Biotechnology), rabbit anti-MyosinVI (1:1000, Proteus BioSciences), 

rabbit anti-GFP (1:100, Life Technologies), mouse anti-cMyc 9E10 (1:100, Santa Cruz 

Biotechnology), and mouse anti-Otoferlin (1:100, Abcam). Dr. Rebecca Seal generously 

donated the guinea pig anti-Vglut3 antibody used in this study (1:5000). Corresponding Alexa 

Fluor® 488 and 546 (1:800, Invitrogen) were used for secondary detection, Alexa Fluor® 488 

Phalloidin (1:1000, Invitrogen) was used to mark F-actin, and 4′,6-Diamidino-2-Phenylindole 

Dihydrochloride (DAPI, 1:20,000, Thermo Fisher) was used to mark cell nuclei. Images were 

acquired using a Nikon Eclipse E600 microscope (Nikon, Tokyo, Japan) equipped with a 

Lumenera Infinity 3 camera. Whole-mount images were acquired using a Zeiss LSM DUO 

confocal microscope, located at the UMSOM Confocal Microscopy Core, at 63x oil 

magnification. Images were processed using Infinity Capture and Infinity Analyze software 

(Lumenera, Ottawa, ON), and ImageJ software.  

 

RNA in situ hybridization (ISH) 

 

ISH was performed as described in Geng et al., 201646. Briefly, slides were re-fixed in 

4% PFA, and then treated with 2 ug/ml Proteinase-K for 10 minutes. Proteinase-K reaction was 

stopped by soaking slides again in 4% PFA, followed by acetylation and permeabilization. 

Hybridization for the digoxigenin labelled Fcrlb probe was performed overnight at 65°C (see 

Supplementary Table 13 for Fcrlb probe primers). Following a series of washes in saline 

sodium citrate, slides were incubated with sheep-anti-digoxigenin antibody conjugated to 

alkaline phosphatase (Sigma-Aldrich, 1:100) overnight at 4°C. Slide were then incubated in 

BM purple AP substrate precipitating solution (Roche) to localize bound anti-digoxigenin 

antibody. 
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Data Availability 

The RiboTag OHC RNA-seq, P8 cello cochlea RNA-seq, and P8 Anc80-Ikzf2 and Anc80-

eGFP injected cochlea scRNA-seq data have been submitted to the Gene Expression 

Omnibus database (GEO Accession # GSE116703, GSE116702, and GSE120462), and are 

additionally available for viewing through the gEAR Portal (https://umgear.org/). 
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Extended Data Figure and Legends 

 

 
 

Extended Data Figure 1. RiboTag immunoprecipitation enriches for known OHC-

expressed transcripts.  
(a) Representative prestinCreERT2/+;ROSA26CAG-tdTomato cochlear whole-mount. Prestin-

CreERT2-driven tdTomato expression is OHC-specific at P21 (n=1). Scale=20 µm.  

(b) Schematic of the RiboTag immunoprecipitation protocol. Red OHCs represent Cre/HA-

tagged ribosome expression.  
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(c) RiboTag RNA-seq log2 enrichment and depletion of transcripts for known inner ear cell 

type markers (enrichment factor (EF) = log2(IP/input)).  

(d) Genes at least 2-fold enriched in IHCs (n = 565 genes) or OHCs (n = 253 genes) in the 

dataset of Liu et al. are significantly depleted and enriched, respectively, by the RiboTag 

OHC immunoprecipitation (two-sided Wilcoxon's test). This was true for all time points 

examined.  Black line represents median EF, box demarcates 1st and 3rd quartiles, whiskers 

demarcate 1st and 3rd quartiles ± 1.5×IQR values, dots represent single outliers.   

(e) Clustering of genes differentially expressed across OHC postnatal development (error 

bars = SD). Prior to clustering, expression levels were standardized to mean=0 and SD=1.  

(f) Enriched gene ontology (GO) functional categories identified for the gene clusters in (e) 

(cluster 1 n=160 genes, cluster 2 n=63 genes). No significantly enriched GO categories were 

found for cluster 3 (n=79 genes). Enrichment and statistical analyses were performed using 

the EXPANDER implemented tool TANGO.  
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Extended Data Figure 2. Auditory phenotyping, SNP mapping and whole-genome 

sequencing of mouse pedigree MPC173, subsequently named cello. 
(a) Specific expression of helios can be seen in the nuclei of wild-type P8 OHCs (white 

arrow, n=3 biologically independent samples, scale=50 µm), and is maintained in wild-type 

OHCs at 1-month (white arrows, n=3 biologically independent samples, scale=10 µm). 

(b) Auditory brainstem response phenotyping of pedigree MPC173 at 9-months of age 

identified 17 biologically independent animals with elevated hearing thresholds (red 

triangles) compared to their normal hearing colony mates (n=15 biologically independent 

animals, black triangles). 

(c) The mutation mapped to an 8.4 Mb region on Chromosome 1 between SNPs rs31869113 

and rs13475914 (Chr1:63280183-71629721), containing 66 genes. 

(d) Detection of a non-synonymous mutation in cello. DNA sequencing identified a 

nucleotide transversion (c.1551C>A) in the Ikzf2 gene at codon 517, thus altering the wild-

type (WT) sequence CAC, encoding a histidine (His), to the mutant (M) sequence CAA, 

encoding a glutamine (Gln). Electropherograms derived from a cello mutant mouse 
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(Ikzf2cello/cello) and a wild-type colony mate (Ikzf2+/+) control showing the sequence 

surrounding Ikzf2 nucleotide 1551 (indicated by an arrow). 

(e) Helios is expressed in the OHC nuclei of both Ikzf2+/+ and Ikzf2cello/cello mice at P8 (n=3 

biologically independent samples per genotype). Loss of labelling when the anti-helios 

antibody is ‘pre-blocked’ confirms specificity (n=1 biologically independent sample). 

Scale=20 µm. 
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Extended Data Figure 3. The Ikzf2cello mutation disrupts helios homodimerization. 

(a) Cos-7 cells transfected with Ikzf2+- or Ikzf2cello-Myc. Nuclear localization is unaffected by 

the Ikzf2cello mutation (n=2 biologically independent experiments). Scale=10 µm. 

(b) Co-immunoprecipitation (IP) of Myc-tagged (~62 kDa) and GFP-tagged (~88 

kDa) Ikzf2+ and Ikzf2cello constructs. Transfected cell lysates were immunoprecipitated using 

an anti-Myc antibody and analysed by western blotting with both anti-Myc and anti-GFP 

antibodies. Results show that wild-type Ikzf2+ helios can dimerize, but that dimerization is 

impaired by the cello mutation. kDa = kilodaltons, LC = cell lysate loading control.   

(c) Reciprocal immunoprecipitation reactions using an anti-GFP antibody confirm 

dimerization of wild-type Ikzf2+helios and reduced dimerization of mutant Ikzf2cello helios. 

kDa = kilodaltons, LC = cell lysate loading control.   

(d) Quantification of Co-IP western blots. Band intensities were determined and used to 

calculate the relative ratio of Co-IP to IP signal. Data shown are averaged percentages ± 

s.e.m. (n=4 biologically independent experiments). Myc IP p-values: Ikzf2+-Myc + Ikzf2+-

GFP vs Ikzf2+-Myc + Ikzf2cello-GFP <0.0001, Ikzf2+-Myc + Ikzf2+-GFP 

vs Ikzf2cello-Myc + Ikzf2+-GFP <0.0001, Ikzf2+-Myc + Ikzf2+-GFP 

vs Ikzf2cello-Myc + Ikzf2cello-GFP <0.0001, Ikzf2+-Myc + Ikzf2cello-GFP 

vs Ikzf2cello-Myc + Ikzf2+-GFP = 0.1488, Ikzf2+-Myc + Ikzf2cello-GFP 

vsIkzf2cello-Myc + Ikzf2cello-GFP = 0.9020, Ikzf2cello-Myc + Ikzf2+-GFP 

vs Ikzf2cello-Myc + Ikzf2cello-GFP = 0.0476. GFP IP p-values: Ikzf2+-GFP + Ikzf2+-Myc 

vs Ikzf2+-GFP + Ikzf2cello-Myc <0.0001, Ikzf2+-GFP + Ikzf2+-Myc vsIkzf2cello-GFP + Ikzf2+-

Myc <0.0001, Ikzf2+-GFP + Ikzf2+-Myc vs Ikzf2cello-GFP + Ikzf2cello-

Myc <0.0001, Ikzf2+-GFP + Ikzf2cello-Myc vs Ikzf2cello-GFP + Ikzf2+-Myc = 

0.0202, Ikzf2+-GFP + Ikzf2cello-Myc vsIkzf2cello-GFP + Ikzf2cello-Myc = 

0.0346, Ikzf2cello-GFP + Ikzf2+-Myc vs Ikzf2cello-GFP + Ikzf2cello-Myc = 0.9894. Significance 

was assessed by one-way ANOVA with Tukey post-hoc test. See Supplementary Fig.1 for 

source images.  
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Extended Data Figure 4. Auditory function and HC bundle survival in cello mice. 

(a) Representative click ABR waveforms for Ikzf2+/+, Ikzf2cello/+ and Ikzf2cello/cello littermates 

at P16 (n=4 biologically independent animals per genotype).  

(b-c) Averaged ABR thresholds for cello mice at 1-month of age (b, n=5 biologically 

independent animals per genotype) and 9-months of age (c, n=5 biologically independent 

animals per genotype). Age-matched Ikzf2+/+ and Ikzf2cello/+ controls display thresholds within 

the expected range (15 – 30 dB SPL) at all time-points tested. Data shown are averaged 

thresholds ± s.e.m. 1-month Ikzf2cello/cello vs 1-month Ikzf2+/+ (b) p-values: 8 kHz<0.0001, 16 

kHz <0.0001, 32 kHz <0.0001, Click <0.0001. 1-month Ikzf2cello/cello vs 1-month Ikzf2cello/+ 

(b) p-values: 8 kHz <0.0001, 16 kHz <0.0001, 32 kHz <0.0001, Click <0.0001.  9-month 

Ikzf2cello/cello vs 9-month Ikzf2+/+ (b) p-values: 8 kHz <0.0001, 16 kHz <0.0001, 32 kHz 

<0.0001, Click <0.0001. 9-month Ikzf2cello/cello vs 9-month Ikzf2cello/+ (b) p-values: 8 kHz 

<0.0001, 16 kHz<0.0001, 32 kHz <0.0001, Click <0.0001.  Significance was assessed by 

one-way ANOVA with Tukey post-hoc test.  

(d) OHC and IHC bundle counts for cello mice from P16 to 18-months of age. Data shown 

are averaged number of HC bundles adjacent to ten pillar cells ± s.e.m. n.s. non-significant, 
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*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA with Tukey post-hoc test. 

Number of biologically independent samples for OHC bundle counts: P16 Ikzf2+/+ n=3, P16 

Ikzf2cello/+ n=3, P16 Ikzf2cello/cello n=3; 1-month Ikzf2+/+ n=4, 1-month Ikzf2cello/+ n=5, 1-month 

Ikzf2cello/cello n=3;  3-month Ikzf2+/+ n=4, 3-month Ikzf2cello/+ n=5, 3-month Ikzf2cello/cello n=4;  
6-month Ikzf2+/+ n=4, 6-month Ikzf2cello/+ n=3, 6-month Ikzf2cello/cello n=5;  9-month Ikzf2+/+ 

n=3, 9-month Ikzf2cello/+ n=4, 9-month Ikzf2cello/cello n=4;  18-month Ikzf2+/+ n=3, 18-month 

Ikzf2cello/+ n=3, 18-month Ikzf2cello/cello n=3. Number of biologically independent samples for 

IHC bundle counts: P16 Ikzf2+/+ n=3, P16 Ikzf2cello/+ n=3, P16 Ikzf2cello/cello n=3; 1-month 

Ikzf2+/+ n=4, 1-month Ikzf2cello/+ n=4, 1-month Ikzf2cello/cello n=3;  3-month Ikzf2+/+ n=4, 3-

month Ikzf2cello/+ n=5, 3-month Ikzf2cello/cello n=3;  6-month Ikzf2+/+ n=3, 6-month Ikzf2cello/+ 

n=3, 6-month Ikzf2cello/cello n=4;  9-month Ikzf2+/+ n=3, 9-month Ikzf2cello/+ n=4, 9-month 

Ikzf2cello/cello n=4;  18-month Ikzf2+/+ n=3, 18-month Ikzf2cello/+ n=3, 18-month Ikzf2cello/cello 

n=3. 

See also Supplementary Table 5 and 6. 
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Extended Data Figure 5. Scanning electron microscopy of cello mice and auditory 

function of Ikzf2cello/del890 compound heterozygotes. 

(a) Scanning electron micrographs of the organ of Corti of cello mice from P16 to 18-months 

of age. Representative images from the mid region of the cochlear spiral are shown. Scale = 

10 µm. Number of biologically independent samples: P16 Ikzf2+/+ n=4, P16 Ikzf2cello/+ n=3, 

P16 Ikzf2cello/cello n=3; 1-month Ikzf2+/+ n=4, 1-month Ikzf2cello/+ n=5, 1-month Ikzf2cello/cello 

n=3;  3-month Ikzf2+/+ n=4, 3-month Ikzf2cello/+ n=5, 3-month Ikzf2cello/cello n=4;  6-month 

Ikzf2+/+ n=4, 6-month Ikzf2cello/+ n=5, 6-month Ikzf2cello/cello n=4;  9-month Ikzf2+/+ n=3, 9-

month Ikzf2cello/+ n=4, 9-month Ikzf2cello/cello n=4;  18-month Ikzf2+/+ n=3, 18-month Ikzf2cello/+ 

n=3, 18-month Ikzf2cello/cello n=3. 

(b-d) Scanning electron micrographs of OHC stereocilia bundles of cello mice at P16, 

showing that wild-type Ikzf2+/+ (b), Ikzf2cello+ (c) and mutant Ikzf2cello/cello (d) mice display 

overall expected bundle patterning. Images are from the mid region of the cochlear spiral. 

Scale = 1 µm. Number of biologically independent samples: Ikzf2+/+ n=3, Ikzf2cello/+ n=3, 

Ikzf2cello/cello n=3. 

(e) The genomic/domain structure of the Ikzf2del890 allele/protein. Black = 5’ untranslated 

region, light grey = N-terminal DNA-binding domain, dark grey = C-terminal dimerization 

domain. The Ikzf2cello mutation lies in ZnF6. The del890 mutation deletes exon 4 and 

surrounding intronic sequence. 
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(f) Averaged ABR thresholds for Ikzf2cello/del890 compound heterozygotes at 1-month of age, 

showing significantly elevated thresholds (≥40 dB SPL) at all frequencies tested compared to 

Ikzf2+/+, Ikzf2cello/+ and Ikzf2del890/+ control colony mates. Data shown are averaged thresholds 

± s.e.m. Number of biologically independent samples: Ikzf2+/+ n=4, Ikzf2cello/+ n=2, 

Ikzf2+/del890 n=4, Ikzf2cello/del890 n=5. Ikzf2cello/del890 vs Ikzf2+/+ p-values: 8 kHz = 0.011, 16 kHz 

= 0.002, 32 kHz <0.0001, Click = 0.0001;  Ikzf2cello/del890 vs Ikzf2cello/+ p-values: 8 kHz = 

0.078, 16 kHz = 0.034, 32 kHz = 0.001, Click = 0.001; Ikzf2cello/del890 vs Ikzf2+/del890 p-values: 

8 kHz = 0.025, 16 kHz = 0.009, 32 kHz = 0.0002, Click = 0.0002. Significance was assessed 

by one-way ANOVA with Tukey post-hoc test. 
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Extended Data Figure 6. The MET current is normal in Ikzf2cello mice.  

(a-b) MET currents were recorded from OHCs of P9 Ikzf2cello/cello and Ikzf2cello/+ (control) 

littermates. During voltage steps, hair bundles were displaced by applying a 50 Hz sinusoidal 

force stimuli (the driver voltage to the fluid jet is shown above the traces)47. At hyperpolarised 

membrane potentials (−121 mv), saturating excitatory bundle stimulation (i.e., towards the 

taller stereocilia) elicited a large inward MET current from both Ikzf2cello/+ and Ikzf2cello/cello 

OHCs, while inhibitory bundle stimulation (i.e. away from the taller stereocilia) closed the 

MET channels and reduced the resting current. Because the MET current reverses near 0 mV, 

it became outward when excitatory bundle stimulation was applied during voltage steps 

positive to its reversal potential. At positive membrane potentials (+99 mV), excitatory bundle 

stimulation now elicited similar outward MET currents with larger resting amplitudes. Arrows 

indicate closure of the MET channels (i.e., disappearance of the resting current) during 

inhibitory bundle displacements, arrowheads indicate the larger resting MET current at +99 

mV compared to -121 mV. 

(c) Peak-to-peak current-voltage curves obtained from Ikzf2cello/+ (n=10 biologically 

independent samples) and Ikzf2cello/cello (n=8 biologically independent samples) OHCs at P9. 
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The maximal MET current and the resting open probability of the MET channel were found to 

be similar between the two genotypes. Data shown are mean values ± s.e.m.  

(d-e) Total K+ currents recorded from P18 Ikzf2cello/+ control (d) and Ikzf2cello/cello mutant (e) 

OHCs. The size of the K+ current, which is mainly due to the negatively-activated IK,n (in 

addition to a small delayed rectifier IK : Marcotti and Kros, 1999), was smaller in Ikzf2cello/cello 

OHCs.  

(f) Average peak current-voltage relationship for the total K+ current recorded from the OHCs 

of Ikzf2cello/+ (n = 9 OHCs from 6 biologically independent animals) and Ikzf2cello/cello (n = 7 

OHCs from 5 biologically independent animals) mice at P16–P18. Data shown are mean values 

± s.e.m. 

(g-h) After normalization to the significantly reduced surface area of Ikzf2cello/cello OHCs (for 

this set of experiments: Ikzf2cello/+: 14.2  0.4 pF; Ikzf2cello/cello: 11.2  0.5 pF; p<0.0005), both 

the total IK (g) and isolated IK,n (h) were not significantly different between the two genotypes 

at P16–P18. Data shown are mean values ± s.e.m. n.s. non-significant, two-sided Welch’s t-

test.  

(i) NanoString validations of genes downregulated in P8 Ikzf2cello/cello cochleae at P16. Data 

shown are mean normalized reads relative to wild-type ± SD (n = 4 biologically independent 

samples per genotype). Ppp17r1 in Ikzf2cello/cello vs Ikzf2+/+ p-value = 0.038, Ppp17r1 in 

Ikzf2cello/cello vs Ikzf2cello/+ p-value = 0.037.  Significance was assessed by two-sided Welch’s 

t-test. 
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Extended Data Figure 7. Transduction of cochlear HCs using Anc80L65 and HC 

enrichment by flow cytometry.  

(a) Schematic representation of inner ear viral gene delivery via the posterior semicircular 

canal of CD-1 mice for HC marker immunolabeling.  

(b) Immunolabeling for GFP in the Anc80-eGFP injected, and MYC in the Anc80-Ikzf2 

injected ears, showed mainly HC transduction, although some MYC staining could also be 

observed in supporting cells (blue arrow) (n=3 biologically independent samples per 

condition). Nuclear MYC staining suggests proper trafficking of the MYC-tagged helios 

protein in transduced cells. White arrows indicate OHCs and white arrowheads indicate 

IHCs. Scale = 10 µm.  

(c-d) Fluorescence activated cell sorting (FACS) of dissociated cochlear GFP positive and 

tdTomato positive cells from P8 Myo15Cre/+;ROSA26CAG-tdTomato mice injected with either 

Anc80-eGFP (c, 2 mice) or Anc80-Ikzf2 (d, 4 mice). Cells were first gated by forward and 

side scatter to exclude doublets. For the Anc80-eGFP transduced cochlear sample, 

transduced cells were identified based on GFP expression, and hair cells were further 

identified by tdTomato expression. tdTomato single positive, GFP single positive and 
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tdTomato+GFP double positive cells were collected. For the Anc80-Ikzf2 transduced cochlear 

sample, HCs were gated based on tdTomato single positive expression and collected. 
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Extended Data Figure 8.  Transcriptional conversion of Anc80-Ikzf2 transduced IHCs.  

(a) Heatmap for the top 30 differently expressed genes between all HCs profiled. Scaled 

expression values shown as z-scores, with yellow indicating higher and purple indicating 

lower expression than the mean.  

(b) OHC enriched genes that are induced in Anc80-Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) 

vs. Anc80-Ikzf2(+) IHC (n=40) FDR: Pde6d = 2.03E-12, Ldhb = 3.74E-11. Dots represent 

the expression values of individual cells, with width of violins summarizing overall relative 

distribution of expression. 
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 (c) IHC enriched genes that are highly expressed in control IHCs vs control OHCs, but are 

significantly reduced in Anc80-Ikzf2(+) IHCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) 

IHC (n=40) FDR: Fgf8 = 3.30E-14, Atp2a3 = 2.46E-13, Rprm = 2.27E-13 (Kruskal-Wallis 

test followed by post-hoc pairwise Wilcoxon Ranked Sum test adjusted for multiple 

comparisons). 

(d) IHC enriched genes that show only moderately reduced expression in Anc80-Ikzf2(+) 

IHCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) IHC (n=40) FDR: Shtn1 = 8.59E-05, 

Tbx2 = 3.88E-08, Cabp2 = 1.40E-10 (Kruskal-Wallis test followed by post-hoc pairwise 

Wilcoxon Ranked Sum test adjusted for multiple comparisons). 

(e-f) Top 20 genes negatively (e) or positively (f) correlated with Ikzf2 expression in control 

HCs, shown alongside corresponding correlations of gene expression within all Anc80-Ikzf2 

transduced HCs, Anc80-Ikzf2 transduced IHCs, or Anc80-Ikzf2 transduced OHCs. See also 

Extended Data Figure 9. 

(g) Genes that are negatively correlated with Ikzf2 (n=20, Pearson correlation < -0.6) are not 

enriched in OHCs at P8 compared to all other genes detected in the RiboTag OHC dataset 

(background genes, BG, n=13,124). Genes that are positively correlated with Ikzf2 (n=41, 

Pearson correlation > 0.6) are significantly enriched in OHCs at P8 compared to BG 

(n=13,103) (p = 0.025, two-sided Wilcoxon's test). Black line represents median enrichment 

factor (EF, log2 fold change), box demarcates 1st and 3rd quartiles, whiskers demarcate 1st and 

3rd quartile ± 1.5×IQR values, dots represent single outliers.    

 (h) One of the most differentially expressed genes we observed in our scRNA-seq 

experiment was Fcrlb, a gene which encodes an Fc receptor like protein, and whose 

expression in the ear has not been previously described. Fcrlb is significantly downregulated 

in Anc80-Ikzf2(+) HCs. Anc80-Ikzf2(-) IHC (n=34) vs. Anc80-Ikzf2(+) IHC (n=40) FDR= 

4.89E-06. Anc80-Ikzf2(-) OHC (n=132) vs. Anc80-Ikzf2(+) OHC (n=148) FDR= 6.88E-08 

(Kruskal-Wallis test followed by post-hoc pairwise Wilcoxon Ranked Sum test adjusted for 

multiple comparisons).  

See also Supplementary Tables 8-11. 
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Extended Data Figure 9. Single cell RNA-seq allows for high-resolution discrimination 

of cell types and their transcriptional changes due to overexpression of Ikzf2/helios.  

(a) Custom annotation strategy with theoretical reads mapping to unambiguous regions of the 

various custom viral loci, as well as those regions that get discarded because of endogenous 

sequence similarity (i.e. ambiguous reads).  

(b) Violin plots of the overall scRNA-seq detection metrics, including number of unique 

molecules detected in each of the major cell type cluster identified (low Anc80-Ikzf2 

expressing IHCs: vIk- IHCs n=34; low Anc80-Ikzf2 expressing OHCs: vIk- OHCs n=132; 
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high Anc80-Ikzf2 expressing IHCs: vIk+ IHCs n=40; high Anc80-Ikzf2 expressing OHCs: 

vIk+ OHCs n=140; and non-HCs: NonHCs n=219).  

(c) FeaturePlots with red showing higher expression across all profiled cells, including cells 

identified as non-HCs. Expression from loci captured with custom annotation shown to 

support cluster identification. A final labeled tSNE plot shows all cells profiled clustered by 

predicted cell type. (Misc: Cells from all miscellaneous clusters with fewer than 5 cells, NSC: 

Non-Sensory Epithelial Cell, SC: Organ of Corti Supporting Cell, and other clusters defined 

by the highest differentially expressed marker gene).  

(d) Pearson correlation scatter plots for selected genes within all profiled HCs, HCs from the 

Anc80-eGFP sample, or IHCs from the Anc80-Ikzf2 sample.  

(e) A Pearson correlation heatmap of all HCs detected showing overall transcriptional 

similarities between the non-transduced IHCs and OHCs, along with the Anc80-Ikzf2 

transduced IHCs and OHCs. 
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Extended Data Figure 10: Helios overexpression induces prestin expression and 

electromotility in IHCs but does not affect hair bundle morphology. 

(a) The OHC electromotility protein prestin is expressed in the OHCs of Ikzf2cello/cello mutants 

(n=6 biologically independent samples). Additionally, the pattern of prestin expression is not 

affected by Anc80-eGFP transduction, but is induced in Anc80-Ikzf2 transduced IHCs (n=3 

biologically independent samples per condition). Scale=10 µm  

(b) Expression of prestin can be seen in Anc80-Ikzf2 transduced IHCs as early as P8, and up 

to 8-weeks of age and overlaps with MYC staining (n=6 biologically independent samples at 

P8, n=3 biologically independent samples at 6-8 weeks). Scale = 20 µm. 

(c) Scanning electron micrographs of IHC and OHC stereocilia bundles of Anc80-Ikzf2 and 

Anc80-eGFP injected mice at P23 showing expected bundle patterning. Images are from the 

mid – basal region of the cochlear spiral. Scale=1 µm. Number of biologically independent 

samples (P16-P23): Anc80-Ikzf2 injected cochlea n=8, Anc80-Ikzf2 contralateral cochlea n=6, 

Anc80-GFP injected cochlea n=3. 
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(d) Representative traces of the voltage-dependent (non-linear) component of the membrane 

capacitance (an electrical “signature” of electromotility) in the IHCs of Anc80-Ikzf2 injected 

mouse (red) and its non-injected littermate (black). Mice were injected with Anc80-Ikzf2 at P2 

and recorded at P16. 

(e) Normalized maximal non-linear capacitance in all recorded IHCs of mice injected with 

Anc80-Ikzf2 at P2 (red) at different ages after injection and their non-injected littermates 

(black). Each symbol represents one biologically independent cell, the total number of cells is 

indicated in parentheses. Since Anc80-Ikzf2 transduction is not 100% efficient in the apical 

turn of the cochlea at the time points tested, some IHCs of Anc80-Ikzf2 injected mice do not 

show prominent non-linear capacitance while the other IHCs do. In the IHCs with maximal 

non-linear capacitance of more than 0.25 pF (due to presumable Ikzf2 expression), the 

parameters of the Boltzmann fit were as following (Mean±SEM): Qmax = 0.10±0.02 pC; Vpk = 

-31±1 mV; z=0.91±0.02; Clin = 11.7±1.2 pF; Csa = 0.14±0.07 pF (n=12). For information on 

the fitting procedure, see methods. 
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Abstract

Background: Noise-induced hearing loss (NIHL) is the most prevalent form of acquired hearing loss and affects
about 40 million US adults. Among the suggested therapeutics tested in rodents, suberoylanilide hydroxamic acid
(SAHA) has been shown to be otoprotective from NIHL; however, these results were limited to male mice.

Methods: Here we tested the effect of SAHA on the hearing of 10-week-old B6CBAF1/J mice of both sexes, which
were exposed to 2 h of octave-band noise (101 dB SPL centered at 11.3 kHz). Hearing was assessed by measuring
auditory brainstem responses (ABR) at 8, 16, 24, and 32 kHz, 1 week before, as well as at 24 h and 15–21 days
following exposure (baseline, compound threshold shift (CTS) and permanent threshold shift (PTS), respectively),
followed by histologic analyses.

Results: We found significant differences in the CTS and PTS of the control (vehicle injected) mice to noise, where
females had a significantly smaller CTS at 16 and 24 kHz (p < 0.0001) and PTS at 16, 24, and 32 kHz (16 and 24 kHz
p < 0.001, 32 kHz p < 0.01). This sexual dimorphic effect could not be explained by a differential loss of sensory cells
or synapses but was reflected in the amplitude and amplitude progression of wave I of the ABR, which correlates
with outer hair cell (OHC) function. Finally, the frequency of the protective effect of SAHA differed significantly
between males (PTS, 24 kHz, p = 0.002) and females (PTS, 16 kHz, p = 0.003), and the magnitude of the protection
was smaller in females than in males. Importantly, the magnitude of the protection by SAHA was smaller than the
effect of sex as a biological factor in the vehicle-injected mice.

Conclusions: These results indicate that female mice are significantly protected from NIHL in comparison to males
and that therapeutics for NIHL may have a different effect in males and females. The data highlight the importance
of analyzing NIHL experiments from males and females, separately. Finally, these data also raise the possibility of
effectors in the estrogen signaling pathway as novel therapeutics for NIHL.

Keywords: Noise-induced hearing loss, Sex differences, SAHA, B6CBAF1/J mice, Inner ear, ABR

Background
Noise-induced hearing loss (NIHL) is a form of an acquired
hearing deficit that underlies 16% of adult sensorineural
hearing loss worldwide [1]. In the US adult population,
NIHL is second only to age-related hearing loss (ARHL)
[2]. NIHL as an occupational hazard is widespread in the

military, construction, agriculture, and in other fields with
high noise exposure, causing hearing loss in 7–21% of the
exposed population [3]. Health problems secondary to
noise exposure are particularly frequent in the military. In
the USA, hearing loss and tinnitus rank as the most
prevalent service-connected disabilities for veterans [4].
Untreated hearing loss adversely impacts social, psycho-
logical, and cognitive functioning of affected individuals [5].
Small animal models such as the guinea pig, gerbil,

chinchilla, mouse, and ferrets are commonly used to
conduct auditory research and, in particular, studies on
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NIHL [6–8]. Mouse models have proven especially useful
because of the ease in generating inbred strains with low
genetic variability, the ability to manipulate the mouse
genome, as well as structural, molecular and functional
similarity to the human ear [9–11]. The current study
stemmed from research that was designed to analyze the
molecular mechanism of action of drugs with a protective
effect from NIHL. Suberoylanilide hydroxamic acid
(SAHA) is a histone deacetylase inhibitor and thus
functions through modulating gene expression by chan-
ging the accessibility of the DNA to transcription factors
[12, 13]. SAHA has been shown to be protective against
hearing loss caused by exposure to chemicals/medications
(ototoxic hearing loss) in vivo in mice of both sexes [12]
as well as from NIHL in male mice [14]. Little is known,
however, about the differential responses of male and
female mice to noise and its potential therapeutics as
historically most studies of acquired hearing loss using ani-
mal model were performed exclusively on males [14–19].
This is in part because the fluctuating hormone levels
during an estrous cycle could introduce a confounding
variable in the response to trauma or treatment [20]. Of
relevance, sex differences have been described in age-
related hearing loss (presbycusis) as well as in NIHL, where
pre-menopausal women are protected in comparison to
age-matched men [21, 22].
Here we initially tested the efficacy of SAHA as a pro-

tective agent from NIHL in young adult B6CBAF1/J
mice of both sexes. We exposed mice of both sexes, who
were treated with SAHA or its carrier, DMSO, to a per-
manent threshold-shift inducing noise exposure. We
compared hearing function by analysis of auditory brain-
stem responses, and histological outcomes of the noise
exposures by inner and outer hair cell counts and inner
hair cell synapse analysis. Our results indicate a differen-
tial response to both noise and SAHA treatment
between sexes, where female mice exhibit less hearing
loss following noise (i.e., less damage) and have less
therapeutic benefit from SAHA, when compared to
males. Interestingly, the effect of sex on the degree of
hearing loss following noise exposure was greater than
the effect of the tested drug. This is the first detailed
report comparing and characterizing such differences
between sexes.

Methods
Animals
All procedures involving animals were carried out in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were
approved by the Animal Care Committee at the University
of Maryland (protocol numbers 0915006 and 1015003)
and the Animal Care and Use Review Office (Department
of Defense, USA).

All experiments were performed on B6CBAF1/J mice
(Stock No: 100011, Jackson Laboratories, ME). We use
B6CBAF1/J mice, which are F1 progeny of a cross
between C57BL/6J and CBA/J (CBA) for most of our ex-
periments for NIHL. We choose this combination of
strains because, while the C57BL/6 mice are used exten-
sively to generate transgenic animals for auditory re-
search owing to availability of its complete genome
information [23], long life span and resistance to sound
induced seizures [24, 25]; C57BL/6 mice also suffer from
early onset age-related hearing loss (ARHL) due to re-
cessively inherited mutation in the Cdh23 gene [26]
underlying the Ahl locus [27]. In contrast, the CBA
strain is relatively resistant to ARHL [28]. The
B6CBAF1/J mice therefore enable the use of Cre-lines
(originating from C57BL/6 mice) and have been previ-
ously used and characterized in studies of NIHL [29].
Mice were obtained at 7–8 weeks of age and kept in our
facility 1–2 weeks for acclimatization before any proce-
dures. The facility is controlled for temperature and
humidity, has a 12h light/12 h dark cycle (lights on at
6 am), and mice were provided with food and water ad
libitum.

Study design
The experiment consisted of two separate cohorts of an-
imals, to ascertain reproducibility of data. Each cohort
consisted of (a) three male and three female mice that
were not exposed to noise and used only for histology,
(b) six or eight mice from each sex that were all exposed
to noise and treated with SAHA, and (c) six or eight
mice from each sex that were all exposed to noise and
treated with vehicle (DMSO). Noise exposures were per-
formed on 3 to 4 mice at a time, which consisted of a
mixture of mice that were treated with either SAHA or
DMSO. The phase of the estrus cycle was not recorded
for the female mice. One male in the DMSO group was
removed from all analyses because it did not present a
threshold shift at 24 h after noise exposure. A second
person who was blinded with respect to the animal
groups determined the ABR thresholds and counted
outer hair cells and synapses.

Noise trauma
All noise exposures were performed on mice at 10 weeks
of age. Noise trauma was induced with a 2-h duration,
octave band of noise centered at 11.3 kHz (8–16 kHz) at
101 dB sound pressure level (SPL) using the Fostex
FT17H tweeter [30] (Fostex, Tokyo, Japan). Output stim-
uli were calibrated with a measurement microphone
(PCB Piezoelectronics, NY) placed at the same distance
as the mouse ears. Mice were placed in a custom-made
animal holder made of a perforated aluminum sheet,
18 × 15 × 5 cm in size with eight equal-sized chambers
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measuring 4.5 × 7.5 × 5 cm, which was itself placed in a
soundproof box (IAC Acoustics, IL). Only the four cen-
ter chambers immediately inferior to the speaker were
used to house mice during the noise exposures. Sound
level was measured to be within 0.5 dB of the target
level throughout the holding cells, with the speaker
situated 20 cm above the mice. The mice were awake
and unrestrained throughout the noise exposure. All
mice were exposed to noise at the same time of the day
(8 am) for each of the experimental groups.

SAHA treatment
Mice were injected intraperitoneally with suberoylanilide
hydroxamic acid (SAHA) (Selleckchem, TX), (100 mg/kg
body weight) dissolved in DMSO (MilliporeSigma, MA),
or with DMSO alone (vehicle) 3 days before exposure to
noise and 2 h after the end of the noise exposure. The
SAHA dosing amount was based on a previous publica-
tion using SAHA as an otoprotective agent, where the
authors tried different dose concentrations of SAHA and
reported a 100 mg/kg dose to be most efficacious with-
out cytotoxicity [12]. Because studies vary in their dosing
regimen for SAHA, the frequency of the dosing was
based on the published literature with minor modifica-
tions [14, 31].

Determination of auditory brainstem response
Auditory brainstem responses (ABR) were recorded after
induction of anesthesia using an intraperitoneal injection
of a mixture of ketamine (100 mg/kg) (VetOne, ID) and
xylazine (20 mg/kg) (Anased, IL). Hearing thresholds
were determined at 8, 16, 24, and 32 kHz using the RZ6
recording system (Tucker-Davis Technologies, FL).
Recording electrodes were inserted under the skin at the
inferior post-auricular area of the left and right ears, and
a reference was placed under the skin at the vertex re-
gion of the skull. A ground electrode was inserted near
the base of the tail. The animals were placed in a sound-
proof box (IAC Acoustics, IL) for the recordings. Stimuli
were presented via a speaker situated in front of the
mouse, 10 cm from the ears. Frequency-specific tone
bursts 2.5 ms long, with a 0.5 ms sinusoidal on and off
ramp, were presented to the mice at varying intensities
beginning at 90 dB SPL and proceeding in 5 dB decre-
ments down to 10 dB below the measurable hearing
threshold for each mouse. Output stimuli were cali-
brated with a one-quarter inch microphone (model
PCB-378C01; PCB Piezotronics, NY) placed at the same
distance from the speaker as the mouse ears would be.
Electrophysiological signals in response to each tone
stimulus were recorded for 10 ms starting at the onset
of the tone. A total of 512 sweeps were presented at the
rate of 21 sweeps/s, and responses were averaged at each
level and frequency tested. Responses from both ears

were recorded simultaneously and used for data acquisi-
tion [32]. Hearing thresholds were determined as the
lowest level at which definite ABR waves I and II re-
sponse patterns could be identified for each frequency.
Importantly, wave I and II of the ABR are generated
from the contributions of the uncrossed fibers of spiral
ganglion and cochlear nucleus, respectively. This allowed
for hearing thresholds to be determined from both ears
simultaneously, with each ear considered a separate data
point. The results section shows the data with each ear
counting as an individual biological replicate because
both ears were exposed to noise and thresholds were
obtained from the two ears separately, as previously
described [33, 34]. In addition, the supplementary data
reports the hearing threshold results where the thresh-
olds from both ears of each mouse are averaged and
each mouse is counted as an individual biological
sample. Body temperature of the animals was main-
tained constant at 37.0 °C by a feedback heating pad
placed under the animal while recording (FHC, ME).
Baseline ABR thresholds were determined 1 week prior
to noise exposure when the mice were 9 weeks of age.
After the noise exposure, ABR thresholds were recorded
at 24 h, 8 days, and 15 to 21 days, corresponding to 10–
13 weeks of age. These permitted measurement of the
compound threshold shift (CTS) as well as permanent
threshold shift (PTS), respectively [35].

ABR wave I amplitude growth as a function of sound level
Peak-to-trough amplitude values of wave I of the ABR
traces were extracted using a custom MatLab (Math-
Works, MA) script (Additional file 1). Briefly, the script
extracted the first maximum deflection after the first
millisecond (ms) of the recording (peak I) and the
corresponding subsequent minimum deflection (trough
I). Wave I peak-to-trough amplitudes were obtained for
stimuli levels ranging from 55 dB SPL to 85 dB SPL for
ABR recorded before and after noise exposure. In noise-
exposed animals, the minimum hearing threshold
averaged around 55 dB at 24 h. Thus, the linear regres-
sions were performed setting the minimal value to 55 dB
to allow for the comparison of data from all time points.
Additionally, the data between these level ranges are lin-
ear for most of the level versus amplitude plot, allowing
for the accurate calculation of the slope. The data were
plotted to obtain the growth of amplitude as a function
of sound level for each experimental group at 16 kHz,
which was the frequency with the maximal permanent
threshold shift. Linear regression analyses were per-
formed using the Prism 7 software (GraphPad, CA) to
obtain slope values. The slopes were compared between
conditions at each frequency analyzed. Slopes were con-
sidered significantly different if p < 0.05 calculated by a
two-tailed paired t test [36].
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Immunostaining
Within 1 week of the final ABR recording, mice were eu-
thanized by CO2 asphyxiation followed by cervical
dislocation. Immediately after euthanasia, the temporal
bones were dissected in ice-cold phosphate-buffered
saline (PBS) (Corning, MA), a small hole was made in the
bony apex of the cochlea, and the round and oval win-
dows were opened for subsequent perfusion of the fixa-
tive. The temporal bones were fixed overnight at 4 °C in
4% paraformaldehyde (Alfa Aesar, MA) solution in PBS
and then decalcified by immersion in 500 mM EDTA at
4 °C until adequate decalcification. Each cochlear duct
was dissected according to the method described by the
Eaton-Peabody Laboratories [37]. Briefly, each cochlear
duct was first bisected across the oval window. The result-
ing halves were further dissected to obtain the apical turn
of the basilar membrane as a single piece, the middle turn
and the basal turns in two halves as well as the basal hook
as a final piece, exposing the organ of Corti in its entirety.
The tissue was permeabilized for 1 h in PBST ((PBS
(CorningCellgro, VA) with 0.3% Triton X-100 (Milipore-
Sigma, MA)) and blocked for 1 h in PBST with 5% normal
goat serum (Cell Signaling Technologies, MA) at room
temperature.
For pre-synaptic ribbon and post-synaptic density

staining, cochlear segments were incubated overnight at
37 °C with a monoclonal mouse anti-CtBP2 antibody
(1:200, BD Biosciences, CA) and a monoclonal mouse
anti-GluR2 antibody (1:2000, MiliporeSigma), diluted in
blocking buffer. Labeling was performed by incubating
the tissue with the corresponding secondary antibodies,
goat anti-mouse IgG2 Alexa Fluor® 488 and goat anti-
mouse IgG1 Alexa Fluor® 568 (1:1000, ThermoFisher
Scientific, MA) supplemented with DAPI (1:20,000,
ThermoFisher Scientific) in PBST for 2 h at room
temperature. Tissue was mounted with the ProLong
Gold antifade reagent (ThermoFisher Scientific).

Frequency-specific pre-synaptic ribbon and post-synaptic
density (PSD) counts
Following immunostaining, tissue was imaged at a × 20
magnification using a Nikon Eclipse E600 fluorescence
microscope (Nikon, NY) equipped with an Infinity 3
camera (Lumenera, Canada) to allow for frequency map-
ping. Cochlear frequencies were mapped onto the im-
ages using the Measure Line plugin, developed by the
Eaton-Peabody Laboratories [38] on the software ImageJ
[39]. Subsequently, confocal Z-stacks in the regions of
15 to 17 kHz, 22 to 26 kHz, and 32 kHz were obtained
using a 63X oil objective, 1.2 X digital zoom, and 42 μm
sections using the LSM 5 Duo confocal microscope
(Zeiss). Ribbons and PSDs were counted using the Ima-
geJ Cell Counter plugin.

Cytocochleograms
Fluorescence images of the outer hair cell nuclei coun-
terstained with DAPI were captured using an Eclipse
E600 microscope (20 X objective) (Nikon) equipped with
an Infinity 3 camera (Lumenera). Cochlear frequencies
were mapped as described above for the ribbon and PSD
counts. Missing outer hair cells (OHCs) were counted
throughout the entire length of the basilar membrane
from the apex towards the base at the following
frequency intervals: 4–5.6 kHz, 5.6–8 kHz, 8–11.3 kHz,
11.3–16 kHz, 16–22.6 kHz, 22.6–32 kHz, 32–45.2 kHz,
45.2–51 kHz, and 51–55 kHz. These counts were
expressed as the percentage of missing OHCs with re-
spect to their position along the length of the basilar
membrane.

Statistical analysis
The ABR data comparisons between groups were made
by a two-way ANOVA followed by a Tukey post hoc test
for multiple pair-wise comparisons [40]. ABR data
comparing threshold shifts within a group before and
after noise exposure were analyzed by a two-way
ANOVA with Sidak’s post hoc test for multiple compari-
sons. An adjusted p value of < 0.05 was set as the thresh-
old for significance. The F values for main effects are
listed in the main text, and the interactions are listed in
Additional file 2. The value of Cohen’s d (d) was
calculated when the data reach significance following the
post hoc test. All ABR data analyses and figures were
generated using Prism 7 software (GraphPad, CA) with
the recommended settings for post hoc tests.
For the ABR wave I amplitude analysis, the growth of

the amplitude as a function of stimuli levels was
expressed as a slope, obtained by linear regression of
amplitude versus stimuli level plots from noise-exposed
animals (DMSO treated) of each sex, before and after
noise exposure, at 16 kHz. Two-tailed t test was used to
compare the slopes between groups using Prism 7 soft-
ware (GraphPad, CA).
Comparisons of OHCs and synapse counts between

male and female mice were made using Student’s t test
assuming unequal variance using Prism 7 software
(GraphPad, CA).

Results
Differential response of male and female mice to noise
trauma
In the present study, 10-week-old male and female mice
were exposed to 101 dB SPL octave band noise centered
at around 11.3 kHz, for 2 h. The mice received either
SAHA (100 mg/kg) dissolved in DMSO, or DMSO alone
as a control (vehicle) 3 days before and 2 h after the end
of noise exposure. Hearing thresholds were measured
using ABRs at 8, 16, 24, and 32 kHz. Thresholds measured
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at 24 h, 8 days, and 15 days after noise exposure were
compared to the baseline thresholds to calculate the
compound (24 h) and permanent (8 and 15 days) thresh-
old shifts, respectively (CTS and PTS) [35]. The CTS
reflects the change in hearing threshold shortly following
noise exposure, which is normally higher than the final
change in hearing threshold, whereas the PTS reflects
what is considered a “final” change in hearing threshold
following noise exposure [35]. In vehicle-treated mice, a
two-way ANOVA revealed main effects of frequency and
time on the hearing thresholds (frequency: F3, 752 = 155.1;
p < 0.0001; time: F3, 752 = 284; p < 0.0001). A post hoc
comparison showed that the noise exposure induced a sig-
nificant CTS and PTS at all frequencies measured (Fig. 1).
In addition, there were no statistically significant
differences in the hearing thresholds at 8 and 15 days
post-exposure; therefore, subsequent measures for PTS
are reported at 15 days only (Fig. 1).
To test whether male and female mice have a differen-

tial response to noise, we first compared baselines in
males and females to rule out a possible difference in
hearing thresholds before noise exposure (Fig. 2a and
Additional file 2: Table S1). A two-way ANOVA followed
by a post hoc analysis detected a small but significant
lower threshold in females at 32 kHz (p = 0.0008; d =
0.357) but not at 8, 16, and 24 kHz. We next assessed
the CTS and PTS for each sex separately (Fig. 2b and
Additional file 2: Table S2). Similar to the results ob-
tained with both sexes combined, males and females had

significant CTS and PTS at all frequencies measured
when compared to pre-noise baseline. However, when
male and female threshold shifts following noise expos-
ure were compared to each other, a two-way ANOVA
revealed main effects of frequency and sex on both CTS

Fig. 1 Octave band noise exposure at 101 dB SPL causes PTS in
10-week-old B6CBAF1/J mice. Hearing thresholds were compared
between baseline, 24 h, 8 days, and 15 days post-noise exposure. At
24 h post-noise, significant compound threshold shifts are seen
across all frequencies tested. Significant permanent threshold shifts
are also detected at all frequencies tested at 8 and 15 days post-
noise exposure. (**p < 0.01; **** p < 0.0001; ns non-significant)

a

b

Fig. 2 Octave band noise exposure at 101 dB SPL causes PTS in
male and female mice. a Comparison of baseline hearing threshold
between males and females. Female mice present a lower threshold
at 32 kHz. b Hearing thresholds were compared between baseline,
24 h, and 15 days post-noise exposure in males (top) and females
(bottom). At 24 h and 15 days post-noise exposure, significant
compound threshold shifts are seen across all frequencies tested in
both males and females. (*p < 0.05; ***p < 0.001; **** < 0.0001;
ns non-significant)
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(frequency: F3, 208 = 84.84; p < 0.0001; sex: F1, 208 = 43.41;
p < 0.0001) and PTS (frequency: F3, 208 = 47.46; p <
0.0001; sex: F1, 208 = 49.58; p < 0.0001) (Fig. 3 and
Additional file 2: Table S3). A post hoc comparison re-
vealed that 24 h after noise exposure, females have a sig-
nificantly lower CTS at 16 and 24 kHz (p < 0.0001 for
both frequencies; d = 0.676 for 16 kHz and d = 0.727 for
24 kHz) compared to males (Fig. 3 and Additional file 2:
Table S4). This difference is extended to the 32 kHz fre-
quency as well 15 days post-noise exposure (p < 0.0001
for 16 and 24 kHz; p = 0.005 for 32 kHz; d = 0.598 for
16 kHz, d = 0.779 for 24 kHz, and d = 0.453 for 32 kHz).
These data suggest that females have a less severe
hearing loss following noise exposure compared to
males.

Effect of noise on ABR wave I amplitude in male and
female mice
The cochlea has two types of sensory cells—inner hair
cells (IHC) and outer hair cells (OHC). The OHC func-
tion primarily as signal amplifiers, whereas the IHC re-
ceive primarily afferent innervation and are the main
source of auditory sensory input to the brain [41]. The
ABR wave I amplitude is primarily a reflection of the
frequency-specific activity at the spiral ganglion (SG),
which is the ganglion that houses the cell bodies of the
afferent neurons that come in contact mainly with the
IHC. This activity is a compound of the levels of IHC
and OHC activity (as IHC activity is influenced by OHC
function), the number of active auditory nerve fibers
present, functional synapses, as well as the endocochlear
potential [17, 42]. To assess whether the difference in
the male and female response to noise correlates with a
difference in the synchronous activity at the SG, the in-
crease in ABR wave I amplitude as a function of increas-
ing sound level was measured in the vehicle-treated
noise-exposed mice. A change in amplitude can result
from changes in any of the factors that contribute to
wave I. We analyzed wave I amplitude at the frequency
with the maximal threshold shift, which was 16 kHz in
this study. Average peak-to-trough wave I amplitudes
were extracted for stimuli levels 55 dB to 85 dB for each
animal at baseline (prior to noise exposure), 24 h, and
15 days post-noise exposure. A change in the slope of
the amplitude as a function of sound level would most
likely reflect a change in active processes in the cochlea,
primarily attributed to OHC function [43, 44]. (Fig. 4). A
linear regression analysis showed a decrease in the slope
24 h post-noise exposure for both males and females. At
baseline, males had an average slope of 155 ± 6 nV/dB,
while at 24 h post-noise exposure, this slope significantly
decreased to 93 ± 6 nV/dB (p < 0.0001) (Fig. 4a). The
average slope at baseline for females was 255 ± 16 nV/dB
as compared to 196 ± 14 nV/dB for 24 h post-noise
exposure (p = 0.0022) (Fig. 4a). At 15 days post-noise ex-
posure, the slope value partially recovered in males when
compared to 24 h, averaging 120 ± 4 nV/dB (p = 0.0051),
but remained significantly lower than baseline (p =
0.0008) (Fig. 4a). While males recovered partially, the
average slope for females at 15 days post-noise exposure
was similar to the slope at 24 h with a value of 191 ±
13 nV/dB (p = 0.7959). Interestingly, when we directly
compared the slopes between males and females from
the same time point, a two-tailed t test revealed signifi-
cant differences between the slopes (Fig. 4b). At baseline,
females have a slope of 255 ± 16 nV/dB as compared to
a slope of 155 ± 6 nV/dB for males (p = 0.0002). This
difference is maintained after noise exposure at 24 h and
15 days (Fig. 4b). Comparison of the absolute amplitude
of wave I at 85 dB SPL shows permanent lower

a

b

Fig. 3 Male and female B6CBAF1/J mice respond differently to
101 dB SPL octave band noise. Threshold shifts were compared
between vehicle-treated male and female mice. The dots indicate
individual ear threshold shifts, the upper and lower whiskers indicate the
maximum and minimum shifts, respectively. a CTS were significantly
lower in females when compared to males at 16 and 24 kHz (****p<
0.0001). b PTS values were significantly reduced in females at 16, 24
(****p< 0.001), and 32 kHz (**p< 0.01)
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amplitude in the males compared with the female mice
(Fig. 4b and Table 1).

Effect of noise on OHC loss
To identify possible causes for the differential response
to noise between male and female mice, we performed
cytocochleograms to compare hair cell loss throughout
the cochlear duct (up to a frequency position corre-
sponding to 55 kHz) (Additional file 3). For unexposed
controls, we used strain (B6CBAF1/J) and age-matched
(12 weeks old) mice. As expected, 12-week-old control
mice (males and females) showed little to no OHC loss
along the organ of Corti (0 to 0.34% loss) (Table 2 and
Additional file 4). Similarly, 2 weeks following a 101 dB
noise exposure, there was no significant OHC loss (less

than 1%) in either sex up to 32 kHz (Fig. 5). While an
OHC loss was measured at 32–55 kHz (Table 2 and
Additional file 4), no sex-specific differences were mea-
sured with respect to OHC loss (Table 2, Additional file 4
and Additional file 2: Table S5). These results suggest
that the sex difference seen in response to noise
exposure is not explained by a divergence in OHC loss
in males and females. Interestingly, the pattern of OHC
loss seen in noise-exposed animals does not match the
frequency-specific PTS. The cochlea is organized such
that high-frequency sounds are sensed at the base of the
organ, close to the “entry of sound,” and low-frequency
sounds at the apex (also known as a tonotopic
organization) [45]. While the highest PTS is measured at
16 and 24 kHz, only minimal OHC loss is observed
around these frequencies (Table 2 and Additional file 4).
Therefore, our data indicate that the OHC loss at the 16
and the 24 kHz location is not sufficient to explain the
PTS at these frequencies when measured 15 days post-
noise exposure.

Effect of noise trauma on IHC synapses
Our data indicate that 2 weeks after noise exposure, at a
time a PTS is already obtained, the OHC loss does not
account for either the significant PTS at 16 and 24 kHz
or the sex differences observed in the PTS and wave I

a

b

Fig. 4 Differences in the slopes of ABR wave I amplitudes between male and female mice at 16 kHz. Growth of ABR wave I amplitude as a
function of increasing stimuli levels at 16 kHz was compared by analysis of the slopes from linear regression of the data (dotted lines). The slopes are
shown at baseline, 24 h, and 15 days post-noise exposure in males and females. a Slopes are reduced following noise exposure when compared to
baseline for males (left) and females (right). Males partially recover at 15 days when compared to 24 h while females do not. b At baseline (left), the
slope value from female wave I amplitude is higher than the value from males. The difference is maintained following noise exposure (right) at 24 h
and 15 days. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Error bars indicate S.E.M. ns, non-significant

Table 1 Values for the wave I absolute amplitudes at 85 dB SPL

Wave I amplitudes at a 85 dB stimulus (volt)

Baseline 24 h post 101 dB 15 days post 101 dB

Males 7.21 × 10−6 3.42 × 10−6 4.67 × 10−6

Females 10.2 × 10−6 7.04 × 10−6 7.04 × 10−6

p value < 0.0001 < 0.0001 < 0.0001

d value 1.380 1.719 1.317

Females have a higher amplitude at baseline, 24 h, and 15 days post-noise
exposure (unpaired t test)
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amplitude progression. Loss of IHC functional synapses
has been shown to account for the decrease in wave I
amplitude following lower intensity noise exposures, a
phenomenon also known as cochlear synaptopathy [46].
We therefore focused our analysis on the IHC synapses.
We first quantified the number of pre-synaptic ribbons
in the IHCs. For this purpose, whole mount cochleae
were fluorescently immunolabeled with an antibody
directed against CtBP2 to visualize the pre-synaptic rib-
bons. Pre-synaptic ribbons were counted on Z-stacks
created from confocal sections in the regions of 16, 24,
and 32 kHz (Additional file 5). In the region where the
maximal threshold shift is detected (16 kHz location),

no significant change in the pre-synaptic ribbons was
recorded following noise in either sex (Table 3 and
Additional file 6). However, a significant decrease in the
pre-synaptic ribbons per IHC was observed in the region
of 24 and 32 kHz in both male and female mice (Table 3
and Additional file 6). Interestingly, no difference was
detected between males and females at the three
frequencies analyzed in either the controls or noise-
exposed animals (p > 0.05), suggesting that the change in
pre-synaptic ribbons does not account for the sex differ-
ences in hearing following noise exposure.
Recent evidence suggests that noise exposure reduces

the number of active IHC synapses by inducing the

Table 2 Values for the percentage of OHC loss within nine frequency ranges measured

OHC loss by frequency range

4–5.6 kHz 5.6-8 kHz 8–11.3 kHz 11.3-16 kHz 16–22.6 kHz 22.6-32 kHz 32–45.2 kHz 45.2-51 kHz 51-55 kHz

Controls Males 0.12 ± 0.12 0.23 ± 0.23 0.34 ± 0.21 0.03 ± 0.03 0.26 ± 0.16 0.23 ± 0.08 0.29 ± 0.10 0.34 ± 0.34 0.15 ± 0.15

Females 0.00 ± 0.00 0.13 ± 0.09 0.06 ± 0.06 0.09 ± 0.06 0.07 ± 0.05 0.10 ± 0.07 0.18 ± 0.12 0.00 ± 0.00 0.18 ± 0.18

DMSO + noise Males 0.29 ± 0.20 0.23 ± 0.12 0.16 ± 0.08 0.15 ± 0.05 0.22 ± 0.07 0.77 ± 0.23 4.76 ± 1.17 21.8 ± 4.57 45.7 ± 10.3

Females 0.00 ± 0.00 0.02 ± 0.02 0.20 ± 0.08 0.10 ± 0.06 0.35 ± 0.11 0.43 ± 0.16 5.36 ± 2.32 22.4 ± 7.73 45.3 ± 14.2

Progressive OHC loss is seen beginning from 32 kHz. Both male and female animals show a similar pattern of OHC loss. ± represent S.E.M

a

b

Fig. 5 Protective effect of SAHA on NIHL—separated by sex. Threshold shifts were compared between SAHA- and vehicle-treated males (left) and
females (right) at 24 h (a) and 15 days (b) post-noise exposure. The dots indicate individual ear threshold shifts, the upper and lower whiskers
indicate the maximum and minimum shifts, respectively. a CTS values for males (left) and females (right). Male mice are protected only at 24 kHz
(***p < 0.001) and female mice only at 16 kHz (*p < 0.05). b PTS values for males (left) and females (right). Females remain protected at 16 kHz
(** p < 0.01) and males remain protected at 24 kHz (**p < 0.01)
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retraction of some of the neurons that come in contact
with the IHC. Shortly after noise exposure, while the
synaptic ribbons may persist, loss of neuronal contact
can be identified by loss of post-synaptic densities [47].
We therefore analyzed the number of pre-synaptic rib-
bons paired with post-synaptic glutamate receptor
(GluR2) to determine if the different response to noise
exposure between male and female mice can be attrib-
uted to the number of active synapses (Additional file 5).
Similar to pre-synaptic ribbons, noise exposure induced
a significant decrease in the number of active synapses
at the regions of 24 and 32 kHz but not 16 kHz.
However, again, there was no sexual dimorphism in the
number of active synapses (Table 4 and Additional file 6).
These data indicate that the noise-induced synaptopathy
is not the main underlying cause for the PTS seen at
16 kHz, which is the frequency with the maximal thresh-
old shift, and is not the culprit of the sexual dimorphism
in the response to noise.

Sex influences the measured effect of SAHA treatment on
mice exposed to noise
To date, most studies on noise exposure and its treat-
ments were performed on male mice only or mice of
both sexes combined. Because our data show a differen-
tial response to noise between male and female mice, we
next explored whether sex influences the measured re-
sponse to treatment. This is important for proper testing
of therapeutics. To determine whether SAHA has a pro-
tective effect from noise exposure, CTS (Fig. 5a) and
PTS values (Fig. 5b) were compared between vehicle and
SAHA-treated animals. A two-way ANOVA revealed
main effects of SAHA and sex on CTS at 8, 16, and
24 kHz (Table 5 and Additional file 2: Table S3). Main
effects of SAHA and sex 15 days post-noise exposure is
significant at all frequencies tested (Table 5).

Post hoc comparisons revealed that CTS of SAHA-
treated males were significantly lower at 24 kHz (p =
0.0006; d = 0.536) compared to vehicle-treated controls,
whereas in females, CTS values were significantly lower
at 16 kHz (p = 0.04; d = 0.359) (Fig. 5a, Additional file 2:
Table S6). Comparisons of PTS suggested that the pro-
tective effect of SAHA in male mice is maintained at
24 kHz (p = 0.002; d = 0.489) and at 16 kHz in female
mice (p = 0.003; d = 0.482) compared to the vehicle-
treated controls (Fig. 5b, Additional file 2: Table S6).
These data indicate a difference in the response to
SAHA between male and female mice.
Next, we re-analyzed the data, this time combining

mice from both sexes, to assess whether this might
change the measured response to treatment. A two-way
ANOVA revealed significant main effects of SAHA and
frequency at 24 h (SAHA: F1, 424 = 9.576, p = 0.0021;
frequency: F3, 424 = 110.1, p < 0.0001) and 15 days
(SAHA: F1, 416 = 22.67, p < 0.0001; frequency: F3, 416 =
57.36, p < 0.0001) post-noise exposure. Compared to
vehicle-treated controls, SAHA significantly decreased
the CTS only at 16 kHz (p = 0.0074) (Fig. 6a, Add-
itional file 2: Table S7) while a significant decrease in
PTS was observed at 16 and 24 kHz (p = 0.0095 and
0.0024, respectively) (Fig. 6b, Additional file 2: Table S7).
Thus, these findings indicate that when combining mice
from both sexes, the measured response to treatment is
different from the response when each sex is analyzed
separately. This is critically important as it may lead to
misinterpretation of biological data.

Discussion
The major finding reported here is the identification and
characterization of a sexually dimorphic response to
PTS-inducing noise exposure and its candidate thera-
peutics in mice. Sex is an important biological variable

Table 3 Pre-synaptic ribbon counts per IHC in the 16, 24 and 32 kHz regions in male and female mice

Total IHC ribbons

16 kHz location 24 kHz location 32 kHz location

Males Female p value Males Females p value Males Females p value

Controls 15.00 ± 0.72 15.86 ± 0.53 0.34 16.16 ± 0.78 15.85 ± 0.61 0.76 15.60 ± 0.98 13.78 ± 0.92 0.20

DMSO + Noise 15.25 ± 0.86 14.60 ± 0.87 0.60 11.38 ± 0.74 11.95 ± 0.95 0.64 7.65 ± 0.88 8.11 ± 0.78 0.71

± represent S.E.M. (unpaired t test to compare males versus females)

Table 4 Active synapse counts per IHC at 16, 24, and 32 kHz in male and female mice

Active synapses

16 kHz location 24 kHz location 32 kHz location

Males Females p value Males Females p value Males Females p value

Control 13.26 ± 1.75 14.51 ± 2.82 0.63 14.84 ± 1.91 13.64 ± 1.11 0.60 11.36 ± 1.38 9.73 ± 1.07 0.41

DMSO + Noise 11.66 ± 1.38 11.39 ± 1.50 0.89 8.47 ± 1.28 7.34 ± 2.13 0.66 3.94 ± 1.18 4.86 ± 0.99 0.58

± represent S.E.M. (unpaired t test to compare males versus females)
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with effects on a wide range of physiological processes,
and it must be considered in the experimental design to
allow study results to relate to both male and female
biology [48]. Importantly, the National Institutes of
Health has added consideration of sex as a biological

factor in all applications considered for funding [49, 50].
We tested the efficacy of SAHA on prevention of noise-
induced hearing loss in mice of both sexes. SAHA has
been previously shown to be otoprotective against
ototoxic drugs [51–54] and NIHL in male mice [14, 31].
Our results confirmed the efficacy of SAHA in male
mice, albeit possibly to a lesser degree than previously
reported [14, 31], and revealed only a small protective
effect in females. Importantly, our treatment paradigm
differed from previously published work and could ac-
count for some of the difference in efficacy. When the
PTS from both sexes were analyzed together, 15 days
post-noise exposure, a statistically significant protective
effect of SAHA was found at both 16 and 24 kHz. How-
ever, when the data were separated by sex, we found that
the protective effect of SAHA in males was limited to
24 kHz while in females to 16 kHz. Female mice demon-
strated less hearing loss in response to noise at 16 and
24 kHz, in comparison to males, suggesting a sex-
specific difference in the response to PTS-inducing noise
trauma. This sex difference may explain the differential
frequency-specific therapeutic efficacy of SAHA, where
males at 16 kHz may have suffered too much damage to
allow for SAHA-dependent rescue, and females at
24 kHz have too little PTS to allow a therapeutic effect
to be detected with the number of mice tested. Concor-
dantly, previous studies suggested a level-specific limita-
tion to the therapeutic effect of SAHA [14, 31].
To further investigate the sex-specific differences in

hearing following PTS-inducing noise exposure, we
compared OHC loss, wave I amplitude, and amplitude
progression, as well as IHC pre-synaptic ribbons and
active synapses. To our surprise, we found a significant
difference between the sexes only in the wave I ampli-
tude and amplitude progression. Wave I amplitude is an
indicator of activity at the level of the SG, whereas wave
I amplitude progression reflects the OHC contribution
to the active process of hearing. Since the number of
hair cells and synapses following noise exposure was not
different across sexes, a decrease in wave I amplitude
and amplitude progression suggests a greater decrease in
OHC activity in the male mice. The suggested decrease
in OHC function may be primary and represent a

Table 5 Main effects of SAHA and sex on CTS and PTS following a two-way ANOVA

8 kHz 16 kHz 24 kHz 32 kHz

F p value F p value F p value F p value

CTS Sex 18.67 < 0.0001 20.06 < 0.0001 11.07 0.001 0.174 ns

SAHA 4.845 0.030 6.728 0.011 5.678 0.020 0.102 ns

PTS Sex 6.885 0.010 26.35 < 0.0001 22.14 < 0.0001 14.02 0.0003

SAHA 9.089 0.003 6.723 0.011 13.18 0.0004 5.174 0.025

For CTS and PTS, the degree of freedom for the numerator is 1. The degrees of freedom for the denominator are 104 and 102 for CTS and PTS, respectively.
Significant results are shown in bold font (ns non-significant)

a

b

Fig. 6 Protective effect of SAHA on NIHL—both sexes combined.
Threshold shifts were compared between SAHA- and vehicle-treated
animals at 24 h (a) and 15 days (b) post-noise exposure. The dots
indicate individual ear threshold shifts; the upper and lower whiskers
indicate the maximum and minimum shifts, respectively. a CTS
values suggested a protective effect of SAHA at 16 kHz (*p = 0.007).
b PTS values suggested a protective effect of SAHA at 16 kHz
(*p = 0.0095) and 24 kHz (**p = 0.0024)
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dysfunction resulting from injury to the stereocilia or cell
bodies [46], or secondary as a consequence of changes in
the endocochlear potential. A recent study in F344 rats
shows that the difference in hearing loss between aging
male and female animals results in part from cellular
degeneration at the level of the stria vascularis [55]. How-
ever, in this strain of rats OHC loss progressed from apex
to base, indicating that the pathophysiology underlying
the ARHL in the F344 rats may not be generalizable.
Additional studies using inbred mouse strains revealed a
divergent pathophysiology for male and female age-related
loss [56, 57]. These observations suggest that outbred
mice such as the B6CBAF1/J may prove particularly useful
in the study of NIHL, as the effect of strain-specific reces-
sively inherited mutations on the auditory system will be
largely avoided. Future studies comparing changes in
OHC and stria vascularis morphology and ultrastructure,
as well as measurement of the endocochlear potential and
distortion product otoacoustic emissions (DPOAE), are
necessary to further define the underlying sex-specific dif-
ferences following noise exposure [58, 59].
We employed an octave band (8–16 kHz) noise expos-

ure paradigm that results in PTS in the B6CBAF1/J
mouse strain. As expected following these type of expo-
sures, we measured a maximal threshold shift at 16 and
24 kHz. A smaller threshold shift was measured at
32 kHz, the highest frequency analyzed in this study. A
marked and significant loss of OHC was seen in both
sexes in regions that correspond to frequencies higher
than 32 kHz; however, only a minimal loss of OHC was
measured in areas that map to 16 and 24 kHz. Taken to-
gether, these data suggest that two weeks following noise
exposure, there are two types of hearing loss that differ
in their underlying mechanisms. A loss of OHC in the
base of the cochlea underlies a high-frequency hearing

loss, which is not directly related to the frequency of the
noise exposure. Rather, it represents a non-specific
acoustic injury likely secondary to the position and
physical characteristics of the cells in the base of the
cochlea. In addition, a frequency-specific PTS, which is
the focus of this manuscript, is not secondary to loss of
OHC. More importantly, these findings suggest a pos-
sible therapeutic window to treat the OHC and possibly
prevent the frequency-specific PTS, as OHC in the
frequency-specific PTS are still present 2 weeks follow-
ing exposure. Later degeneration of OHC following PTS
has been observed when ears are analyzed 1 year follow-
ing noise exposure [18]. Similar to the lack of OHC loss
at 16 kHz, the frequency where maximal PTS is found
in both sexes, we did not observe a significant loss of
active synapses in either sex. A progressive loss of active
synapses was seen at 24 and 32 kHz. These data suggest
that at least 2 weeks following PTS-inducing noise
exposure, synaptopathy preferentially affects higher fre-
quencies and does not explain the loss of hearing at
16 kHz or the sex-specific differences in the response to
noise trauma (Fig. 7).
Differences in circulating levels of the steroid hormone

estradiol and/or sensitivity to estradiol via its receptor ac-
tivation may account for the observed sex difference in
PTS as a result of noise trauma. Evidence from both clin-
ical and basic studies clearly demonstrates that estradiol
plays an important role in modulating auditory function
in vertebrates as well as conferring a protective function
in the female auditory system [60]. Estradiol signaling
primarily occurs via two cognate receptors that are ligand-
activated transcription factors. Estrogen receptor 1 (ERS1)
and estrogen receptor 2 (ERS2) are widely distributed
throughout the body and both have been reported in the
cochlea of rodents and humans [61–64]. In mice, ESR1

Fig. 7 Schematic showing the threshold shifts in relation to missing outer hair cells and number of active synapses. Loss of OHC (green) and
decrease in the number of active synapses (black) does not correlate with the highest threshold shift (orange) following noise exposure
detected at 16 kHz. The difference in threshold shifts between male and female mice is not explained by a difference in OHC loss or
active synapse numbers
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and ESR2 are present in both the inner and outer hair
cells, as well as the spiral ganglion neurons [61, 63, 65].
ESR2 and not ESR1 has been implicated in conferring the
protective actions of estradiol against temporary hearing
loss as result of a noise trauma in male and female mice
[65] and age-related hearing loss in female mice [66].
However, the exact mechanisms through which estradiol
is acting to confer protection is not well understood. In
addition, molecular differences independent of the estra-
diol signaling pathway should also be considered in the
underpinning mechanisms of the sexual dimorphic re-
sponse to noise exposure.

Conclusions
In conclusion, this study documents significant sex-
specific differences in the response of the mouse cochlea
to damaging noise exposure. These findings have implica-
tions on future study design for proper interpretation of
the data. In particular, male and female mice should be
tested and analyzed separately when used to study NIHL.
As females demonstrate less noise-induced hearing dam-
age in comparison to males, they may require exposure to
a higher sound level to assess therapeutic effects. In
addition, understanding the underpinnings of the females’
relative protection from NIHL could lead to the develop-
ment of new therapeutics to ameliorate the outcomes of
noise exposures. Classic approaches to interrogate sex dif-
ferences such as studying gonadectomized mice with and
without supplemental sex hormones might be particularly
useful to overcome challenges related to fluctuation of
circulating sex hormones [67].

Additional files

Additional file 1: Schematic showing ABR wave I extraction and
analysis. Peak (P1) and trough (T1) values of wave I of the ABR traces (wave
shaded in blue) were automatically extracted at stimuli levels from 55 to
85 dB SPL using a MatLab script. Wave I amplitudes were then plotted as a
function of the stimuli levels. SigmaPlot was used to perform linear
regression (dotted line) and calculate the slope (solid lines). Slopes were
then compared between the different groups at 16 kHz. (PDF 471 kb)

Additional file 2: Table S1.Comparison of average hearing thresholds
at baseline in male and female mice (Sidak’s multiple comparison test; ns:
non-significant). Table S2. Average threshold shift values in dB at 24 h
post-noise exposure (CTS) and 15 days post-noise exposure (PTS) in
vehicle-treated males and females (Tukey’s multiple comparisons test).
Table S3. Statistical values for interactions between the two factors
following a two-way ANOVA. The degrees of freedom for the numerator
(DFn) and denominator (DFd) are shown in parenthesis before the F
value. Significant results are shown in bold font. Table S4. Comparison of
average ABR thresholds shifts at 24 h (CTS) and 15 days (PTS) post-noise
exposure in male and female mice treated with vehicle only (Sidak’s
multiple comparison test; ns: non-significant). Table S5. Values for the
percentage of OHC loss within 32–45.2 kHz, 45.2–51 kHz, and 51–55 kHz.
Progressive OHC loss is seen up to 55 kHz which is the highest frequency
counted. Both male and female animals show a similar pattern of OHC
loss. ± represent S.E.M. (unpaired t test to compare male and female
mice). Table S6. Comparison of average threshold shift values in dB at
24 h post-noise exposure (CTS) and 15 days post-noise exposure (PTS)

between vehicle- and SAHA-treated males and females separately (Sidak’s
multiple comparisons test; ns: non-significant). Table S7. Comparison of
average threshold shift values in dB at 24 h post-noise exposure (CTS)
and 15 days post-noise exposure (PTS) between vehicle- and SAHA-
treated animals (Sidak’s multiple comparisons test; ns: non-significant).
(PDF 257 kb)

Additional file 3: OHC loss along the cochlear duct. Representative
fluorescence microscopy images of the Organ of Corti at the level of the
OHC (counter-stained with DAPI) at different frequency bands from
controls and mice exposed at 101 dB SPL. There is little to no OHC loss
in the control animals, whereas extensive OHC loss is seen above 32 kHz
in animals exposed to noise. Scale bar represents 20 μm. (PDF 1120 kb)

Additional file 4: OHC loss does not account for the frequency-specific
PTS at 16 and 24 kHz or the sex differences in NIHL. Line graph indicating
the percentage of OHC loss from apex to base in vehicle-treated noise-
exposed animals compared to control non-noise-exposed animals. The
frequency range of noise exposure is shaded gray and a gray dotted line
outlines the frequency range where significant PTS is seen. Error bars
indicate S.E.M. (PDF 396 kb)

Additional file 5: Pre-synaptic ribbons and active synapses at 16 kHz
and 24 kHz. Representative fluorescence microscopy images of IHC
stained for CtBP2 (red) and GluR2 (green) at 16 kHz (left) and 24 kHz
(right) from control and noise-exposed mice. The dotted lines represent
the approximate border of one IHC. The inset in the bottom left corner
image represent a zoom in of active synapses where CtBP2 and GluR2
partially co-localize. Scale bar represents 10 μm. (PDF 1242 kb)

Additional file 6: Effect of noise on pre-synaptic ribbons and active
synapses in IHC. Graphs representing the number of pre-synaptic ribbons
(a) and active synapses (b) in IHC of control and vehicle-treated noise-
exposed animals. A significant decrease in pre-synaptic ribbons and active
synapses is observed at 24 and 32 kHz in both males and females, but no
difference is seen between sexes. Error bars indicate S.E.M. (PDF 418 kb)
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Abstract

Background: Cell type-specific ribosome-pulldown has become an increasingly popular method for analysis of
gene expression. It allows for expression analysis from intact tissues and monitoring of protein synthesis in vivo.
However, while its utility has been assessed, technical aspects related to sequencing of these samples, often
starting with a smaller amount of RNA, have not been reported. In this study, we evaluated the performance of five
library prep protocols for ribosome-associated mRNAs when only 250 pg-4 ng of total RNA are used.

Results: We obtained total and RiboTag-IP RNA, in three biological replicates. We compared 5 methods of library
preparation for Illumina Next Generation sequencing: NuGEN Ovation RNA-Seq system V2 Kit, TaKaRa SMARTer
Stranded Total RNA-Seq Kit, TaKaRa SMART-Seq v4 Ultra Low Input RNA Kit, Illumina TruSeq RNA Library Prep Kit
v2 and NEBNext® Ultra™ Directional RNA Library Prep Kit using slightly modified protocols each with 4 ng of total
RNA. An additional set of samples was processed using the TruSeq kit with 70 ng, as a ‘gold standard’ control and
the SMART-Seq v4 with 250 pg of total RNA. TruSeq-processed samples had the best metrics overall, with similar
results for the 4 ng and 70 ng samples. The results of the SMART-Seq v4 processed samples were similar to TruSeq
(Spearman correlation > 0.8) despite using lower amount of input RNA. All RiboTag-IP samples had an increase in
the intronic reads compared with the corresponding whole tissue, suggesting that the IP captures some immature
mRNAs. The SMARTer-processed samples had a higher representation of ribosomal and non-coding RNAs leading
to lower representation of protein coding mRNA. The enrichment or depletion of IP samples compared to
corresponding input RNA was similar across all kits except for SMARTer kit.

Conclusion: RiboTag-seq can be performed successfully with as little as 250 pg of total RNA when using the
SMART-Seq v4 kit and 4 ng when using the modified protocols of other library preparation kits. The SMART-Seq
v4 and TruSeq kits resulted in the highest quality libraries. RiboTag IP RNA contains some immature transcripts.
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Background
Considerable scientific effort has been dedicated to un-
derstanding cell type-specific expression profiles from
complex tissues, such as brain, liver, pancreas, testes,
eye or ear [1–7]. To overcome the issue of cellular het-
erogeneity within complex tissues, two methods have
been traditionally used in mice: Laser-Capture Micro-
dissection (LCM) [8, 9] and Fluorescence Activated Cell
Sorting (FACS) [10, 11]. However, LCM is a laborious
and time-consuming procedure with low yield of
mRNA; and FACS requires tissue dissociation – which
may lead to changes in gene expression – and requires
dedicated equipment [12]. More recently, single cell
RNA-seq has been introduced. However, this technique
too requires tissue dissociation and is currently limited
by the number of genes detected per sequenced cell
[13, 14]. To overcome these limitations, Translating
Ribosome Affinity Purification (TRAP) [15] and Ribo-
Tag [16] have been recently developed to study cell
type-specific transcriptome profiles. Both methods rely
on immunoprecipitation of ribosome-attached RNA
(also named ‘translatome’) by cell type-specific molecu-
lar targeting of the ribosomal proteins, often in a
Cre-lox based system [15–17]. These methods have the
advantage of not requiring tissue dissociation, thus
allowing for cell type-specific translatome analysis from
intact tissues.
While ribosome-attached RNA sequencing for expres-

sion analysis has been validated from a biological stand-
point [18, 19], the technical aspects of its library
construction and sequencing have not been studied. In in-
stances where small complex tissues are studied, the
amount of starting material after immunoprecipitation
may be limited (e.g., less than 5 ng). When starting from
low amounts of RNA, additional cycles of amplification
using PCR are performed after adapter ligation to amplify
the cDNA to generate enough material for sequencing.
Multiple commercial kits are available in the market to
build cDNA libraries from samples with low amounts of
RNA, including kits from NuGEN, New England Biolabs
(NEB), Illumina and TaKaRa. Standard protocols for li-
brary construction are commonly designed to start with
more than 100 ng of total RNA [20, 21] and only a few
studies have been conducted to compare the performance
of library preparation kits using less than 5 ng of total
RNA as their starting amount [22, 23]. In this study, we
selected four of the commonly used library preparation
kits that are also suitable for lower-input samples for com-
parison. We modified the standard protocols for NEB and
Illumina library preparation kits to enable them to work
with smaller amounts of RNA than the recommended
amounts down to as little as 4 ng of total RNA. We in-
cluded one kit, SMART-Seq v4, that was designed for sin-
gle cell RNA-seq and tested it with 4 ng and 250 pg of

total RNA. We evaluated the performance of the differ-
ent kits based on duplication rate, percentage of intronic
and exonic regions being detected, the evenness of cover-
age of transcripts and ribosomal RNA read-count in
comparison to total reads. We also compared the repro-
ducibility of the enrichment or depletion effect based on
ribotag-translatome profile for the first time.

Methods
Animals
The Gfi1-Cre knock-in mice generated by Dr. Lin Gan
(University of Rochester) were kindly provided by Dr.
Jian Zuo of the Developmental Neurobiology Depart-
ment at St. Jude Children’s Research Hospital. RiboTag
mice generated by Dr. Paul S Amieux (University of
Washington) were kindly provided by Dr. Mary-Kay
Lobo of the Department of Neurobiology and Anatomy
at University of Maryland Baltimore. B6.Cg-Gt(ROSA)26-
Sortm14(CAG-tdTomato)Hze/J mice (also referred to as Ai14)
were purchased from the Jackson Laboratory (stock
#007914, Bar Harbor, ME). Experimental animals for
RNA-seq, Gfi1Cre/+;RiboTagHA/HA, were obtained by
crossing RiboTag mice with Gfi1-Cre mice. Animals for
immunostaining, Gfi1Cre/+;Ai14, were obtained by crossing
Gfi1-Cre mice with Ai14 mice [24]. All procedures involv-
ing animals were carried out in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals and have been approved by the
Institutional Animal Care and Use Committee at the
University of Maryland, Baltimore (protocol numbers
1015003 and 0915006).

Ribosome immunoprecipitation and RNA extraction
Three 30-day old Gfi1Cre/+;RiboTagHA/HA mice were
euthanized by CO2 asphyxiation followed by cervical
dislocation. Livers were harvested and immediately fro-
zen on dry ice. Equal amounts of liver were used for in-
put RNA extractions (RNeasy Plus Micro kit, QIAGEN
USA, Germantown, MD, USA) or futher processed for
ribosome immunoprecipitation (5 μg of purified anti-
HA.11, BioLegend, San Diego, CA, USA) followed by
RNA extraction as previously decribed in Sanz et al.,
2009 [16]. The RNeasy Plus Micro kit is optimized for
the removal of genomic DNA through a combination of
high salt buffer and the gDNA Eliminator spin column.
Quality of the RNA was assessed on an Agilent Tech-
nologies Bioanalyzer 2100 RNA pico chip as per the
manufacturer’s instructions (Agilent Technologies, Palo
Alto, CA, USA). All samples had a RIN score of 10 and
no evidence of DNA contamination in the form of a
high molecular weight DNA band. All RNA was equally
aliquoted to test for the performance of five commer-
cial kits and seven protocols.
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Real-time RT-PCR
Efficiency of the ribosome immunoprecipitation was
assessed by reverse transcription followed by real time
PCR. One nanogram of total RNA from the input and the
IP samples was used for reverse transcription using the
Maxima First Strand cDNA Synthesis Kit for RT-qPCR
(Thermo Fisher Scientific, Waltham, MA, USA). The real
time PCR was performed on an Applied Biosystems® Ste-
pOnePlus™ Real-Time PCR System with the Maxima SYBR
Green/ROX qPCR Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA) and the following primers: Gapdh-Fw
5’-GGAGAAACCTGCCAAGTATGA-3′; Gapdh-Rv 5′- T
CCTCAGTGTAGCCCAAGA-3′; Gfi1-Fw 5′- AATGCA
GCAAGGTGTTCTC-3′; Gfi1-Rv 5′- CTTACAGTCAAA
GCTGCGT-3′.

Immunostaining
Progeny from a cross between Gfi1Cre/+ mice and
TdTomato reporter mice Ai14 were euthanized at P1
and their livers were harvested. Following fixation in
4% paraformaldehyde overnight at 4 °C, livers were
cryoprotected through incubation in PBS with increasing
amount of sucrose before being embedded in O.C.T. com-
pound (Scigen, Gardena, CA, USA). Ten μm cryosections
were permeabilized with PBS supplemented with 0.2%
Tween-20 for 1 h at room temperature and incubated
with Alexa Fluor™ 488 Phalloidin (1/800, Thermo Fisher
Scientific, Waltham, MA, USA) and DAPI (1/20,000,
Thermo Fisher Scientific, Waltham, MA, USA). Samples
were mounted with ProLong Gold antifade reagent
(Thermo Fisher Scientific, Waltham, MA, USA). Images
were acquired using a Nikon Eclipse E600 microscope
(Nikon, Tokyo, Japan) equipped with a Lumenera Infinity
3 camera (Lumenera, Ottawa, ON).

RNA-Seq library construction
Below are the experimental methods for RNA-Seq library
construction. We followed the manufacturer’s instructions
with minor modifications, as noted below. The shear-
ing approach was not altered and remains different
between kits.

Ovation® RNA-Seq system V2 combined with TruSeq RNA
library prep kit v2
We performed a hybrid library preparation by using
Ovation® RNA-Seq System V2 (NuGEN, San Carlos,
CA, USA) to synthesize cDNA and the TruSeq RNA Li-
brary Preparation Kit v2 to construct the sequencing li-
brary (Illumina, San Diego, CA, USA), consistent with
the NuGEN manufacturer protocol (See Additional file 1:
Table S1). Briefly, 4 ng of total RNA or RiboTag IP RNA
were used to synthesize cDNA following the NuGEN’s
instructions. Subsequently, 200 ng of cDNA were sheared
to an average size of 300 bp with a Covaris E220

Focused-Ultrasonicator (Covaris Inc., Woburn, MA,
USA). Following the manufacturer protocol, the library
was prepared from the sheared cDNA using the Illumina
TruSeq RNA Library Prep Kit with 8 cycles of PCR.

SMARTer® stranded total RNA-Seq kit-Pico input
mammalian
Four nanograms of RNA were used as input material
and libraries were prepared by following the SMARTer
Stranded Total RNA-Seq kit-Pico Input Mammalian
user manual (Takara Bio USA, Mountain View, CA,
USA). In brief, samples were fragmented at 94 °C for
4 min prior to first-strand synthesis. Illumina adaptors
and indexes were added to single-stranded cDNA via
5 cycles of PCR. Libraries were hybridized to R-probes
for fragments originating from ribosomal RNA to be
cleaved by ZapR. The resulting ribo-depleted library
fragments were amplified with 15 cycles of PCR.

SMART-Seq® v4 ultra® low input RNA kit for sequencing
Two types of libraries were prepared by using 4 ng or
250 pg RNA from each sample. Libraries were prepared
by following the SMART-Seq v4 Ultra Low Input RNA
Kit (Takara Bio USA, Mountain View, CA, USA) user
manual. The cDNA was amplified with 11 cycles of PCR.
Nextera XT kit (Nextera XT DNA Library Preparation Kit
(Illumina, San Diego, CA) was used to make cDNA librar-
ies suitable for Illumina sequencing.

TruSeq RNA library prep kit v2
Two types of libraries were prepared by using 70 ng or
4 ng RNA from each sample. The 70 ng libraries were
built using TruSeq RNA Library Prep Kit v2 (Illumina,
San Diego, CA, USA) according to the manufacturer
protocol. Size selection was performed using SPRIselect
beads (Beckman Coulter, Indianapolis, IN, USA) and
in-house calibration values (first round selection to
select the upper or right limit of the distribution), salt
unit equals to 0.427 and second round selection to select
the lower or left limit of the distribution, salt unit =
0.455). The cDNA was amplified with 19 cycles of PCR.
Libraries were prepared using 4 ng of RNA with modifi-
cations to the standard protocol by reducing the
end-repair reaction to 1/2 the recommended amounts of
enzyme mix and sample volume. In addition A-tail
ligation followed the standard protocol without the use
of internal control mixes. Due to the low input amount,
no size selection was applied to the 4 ng libraries. The
cDNA was amplified with 22 cycles of PCR. Libraries
prepared using 70 ng of RNA were prepared following
the standard protocol and cDNA was amplified with
14 cycles as suggested by manufacture protocol.
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NEBNext® ultra™ directional RNA library prep kit for
Illumina
Four nanograms of total RNA were used for NEBNext®
Ultra™ Directional RNA Library Prep Kit (New England
Biolabs, Ipswich, MA, USA). Poly-A selection and cDNA
synthesis were performed according to NEB protocol. The
adaptors were diluted with a 1:30 ratio instead of the
recommended 1:10 ratio. Size selection was performed
using SPRIselect beads. (Beckman Coulter, Indianapolis,
IN, USA) with in-house calibration values. The cDNA was
amplified with 22 cycles of PCR.

Sequencing
Samples prepared by TruSeq, NEB, NuGEN and SMAR-
Ter were sequenced at the Institute for Genome Sciences
(IGS) Genomics Resource Center (Baltimore, MD) on a
HiSeq 4000 using 75 base read lengths in paired-end
mode. Samples prepared by SMART-Seq v4 were se-
quenced by the Genomics and Computational Biology
Core (GCBC) at the National Institute on Deafness and
Other Communication Disorders (NIDCD/NIH) on a
HiSeq 1500 using a read length of 126 bases in paired-end
mode.

RNA-Seq analyses
The Illumina adapters used during the library construc-
tion were removed from the reads using Trimmomatic
[1]. In order to reduce the impact of lower quality reads
on the alignment, all reads were trimmed to 60 bp
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Fig. 1 Descriptive characteristics of raw and mapped reads. a Total number of raw reads and number of reads mapped to the mouse genome
(mm10, GRCm38.84). b Percentage of reads mapped to exonic, intronic and intergenic regions. NEB: NEBNext® Ultra™, NuG: NuGEN Ovation®,
SMTer: SMARTer® Stranded; Tru4: TruSeq using 4 ng of RNA; Tru70: TruSeq using 70 ng of RNA. SMTseq4: SMART-Seq® v4 using 4 ng of RNA;
SMTseq0.25: SMART-Seq® v4 using 250 pg of RNA

Table 1 Duplication rate of libraries prepared by different kits

Kit Sample
type

PCR cycles
for lib prep

Percent_Duplication (%)

replicate avg

1 2 3

NEBa Input 22 97 99 97 97

IP 99 99 99 99

NuG/Trub Input 8 52 53 52 53

IP 36 31 26 31

SMTerc Input 15 83 86 85 85

IP 86 83 68 79

Tru4d Input 22 67 77 71 72

IP 85 82 99 89

Tru70e Input 19 90 94 92 92

IP 98 97 96 97

SMTseq4f Input 11 40 38 40 40

IP 60 49 48 52

SMTseq0.25f Input 11 37 37 41 38

IP 59 50 47 52
aNEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina
bNugen Ovation® RNAseq System v2
cSMARTer® Stranded Total RNA-Seq Kit-Pico Input Mammalian User
dTruSeq® RNA sample preparation v2,4 ng
eTruSeq® RNA sample preparation v2,70 ng
fSMART-Seq v4 Ultra Low Input RNA Kit
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using the FASTX Toolkit v-0.0.13 [25] resulting in a
Phred-Quality-Score greater than 30. The reads gener-
ated for each RNA sample were analyzed and compared
using an Ergatis-based RNA-Seq analysis pipeline [26]
where sequencing reads were aligned and annotated to
the UCSC mouse reference genome (mm10, GRCm38.84)
from Ensembl (http://www.ensembl.org) using TopHat
v-2.0.8 [27] (maximum number of mismatches = 2;
segment length = 30; maximum multi-hits per read =
25; maximum intron length = 50,000) and the number
of reads that aligned to the predicted coding regions were
determined using HTSeq [28]. Bedtools (v-2.7.1) [29] was
used to count the reads mapping to exons according to
Ensembl gene annotations (March 2016, Mus_muscu-
lus.GRCm38.84, with 47,729 genes annotated). Read
counts per million mapped reads values (CPM) [28] or
reads per kilobase of transcripts per million mapped reads
(RPKM) [30] were calculated and used for downstream
analyses. 5′-3′ exonic coverage was calculated using Col-
lectRnaSeqMetrics component of picard-tools (v-1.60,
https://broadinstitute.github.io/picard/), and duplication
rate was calculated using EstimateLibraryComplexity of
Picard-tools.

Statistical analysis
All plots were generated using R (v-3.2.4), including
the following R packages ggplot2, ComplexHeatmap for
producing bar plots or heat maps, and limma to generate
Venn diagrams. The difference among groups in boxplots
was evaluated based on the overlapping of the notch re-
gion [31]. The notch is defined as median m ± 1.58IQR/√n

[31]. The significance test is evaluated using a non-para-
metric Wilcoxon test with p < 0.05.

Accession number
All of the processed gene expression data from this
study have been submitted to the NCBI Gene Expression
Omnibus (GEO) under accession number GSE104213.

Results
Sample preparation for sequencing
In order to evaluate the efficiency of different library
preparation kits with low amounts of RNA obtained after
ribosome immunoprecipitation, we crossed RiboTag mice
with Gfi1-Cre mice to obtain progeny that expressed
HA-tagged ribosomes in cells with Gfi1 expression. We
obtained RNA from liver because it is a tissue that, at least
during embryogenesis, expresses Gfi1, thus allowing for
early induced recombination in a subset of the liver
cells for permanent expression of a reporter gene [32]
(Additional file 2: Figure S1a). Additionally, the size of the
liver would provide enough material to test five differ-
ent kits with varying amounts of starting RNA from
individually processed samples. Livers were processed
for HA-tagged ribosome immunoprecipitation (IP)
followed by RNA extraction as previously described
[16]. Prior to sequencing, the efficacy of the IP was
confirmed by comparing the level of Gfi1 transcripts in
the input and IP samples using real time RT-PCR (Add-
itional file 2: Figure S1b). The profiles generated by the
five different commercial library preparition kits, from
four different manufacturers, were compared in this
study (See Additional file 1: Table S1). NEBNext® Ultra™

Table 2 Number of features with CPM > 0

Kit Sample
type

Number of features with coverage (CPM > 0) Number of reads of all expressed features (CPM > 0)

Replicate avg Replicate avg

1 2 3 1 2 3

NEB Input 13,543 12,464 11,419 12,475 22,373,163 26,292,017 22,305,929 23,657,036

IP 11,059 12,165 14,331 12,518 16,668,355 27,323,849 15,122,257 19,704,820

NuG Input 16,946 16,458 15,624 16,343 5,529,417 7,615,866 7,482,819 6,876,034

IP 17,715 17,841 18,198 17,918 3,223,153 5,319,712 5,141,329 4,561,398

SMTer Input 12,281 10,184 10,929 11,131 759,221 762,562 750,159 757,314

IP 12,422 11,168 15,684 13,091 701,059 645,414 464,199 603,557

Tru4 Input 19,906 19,863 19,631 19,800 35,368,451 45,466,334 31,299,550 37,378,112

IP 17,467 18,899 21,161 19,176 36,785,680 28,571,125 18,031,264 27,796,023

Tru70 Input 15,957 15,577 16,082 15,872 32,103,296 33,797,108 25,797,283 30,565,896

IP 14,430 15,213 15,680 15,108 31,150,532 29,799,544 27,902,766 29,617,614

SMTseq4 Input 19,111 19,287 19,630 19,343 23,573,272 24,615,731 30,217,161 26,135,388

IP 19,835 20,551 20,488 20,291 14,407,184 19,577,709 17,262,557 17,082,483

SMTseq0.25 Input 16,834 16,742 16,117 16,564 23,815,261 24,347,672 22,951,893 23,704,942

IP 16,827 16,870 16,527 16,741 13,971,566 15,047,219 14,691,099 14,569,961
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Directional RNA Library Prep Kit for Illumina (NEB)
with 4 ng of RNA,NuGEN Ovation® RNA-Seq System
V2 with 4 ng of RNA (NuGEN) with 4 ng of RNA,
TaKaRa SMARTer® Stranded Total RNA-Seq Kit-Pico
Input Mammalian with 4 ng of RNA (SMARTer),
TaKaRa SMART-Seq® v4 Ultra® Low Input RNA Kit for
Sequencing with 4 ng and 0.25 ng of RNA (SMARTseq4
and SMARTseq0.25) and Illumina TruSeq RNA Library
Prep Kit v2 with 4 ng and 70 ng of RNA (TruSeq4 and
TruSeq70). Of these kits only the SMARTer kit pro-
duced strand specific libraries and we therefore did not
analyze the data for strandness.

Comparison of mapping efficiency and duplication rate
The number of reads varied widely among samples being
prepared by different library preparation kits. Input RNA
samples generated 14.7 to 122 million pair-end reads (2 ×
60 bp) and IP RNA samples generated 12 to 108 million
pair-end reads (2 × 60 bp). Overall, fewer raw/mapped
reads were generated when using the NuGEN kit. Of the
raw reads, 12.5 to 111 million reads mapped to mouse
genome for input RNA samples while 9.2 to 94.6 million
reads mapped for IP RNA samples (Fig. 1a).
In order to evaluate the expression profile composition

and library complexity, we assessed the duplication rate
of the read pairs (Table 1) as lower duplication rates
usually indicate a higher complexity of the sample and
better representation of RNA present in a sample [20].
In this study, duplication rate ranged from 26 to 99%
(Table 1). However, the duplication we observed was
not well correlated with the numbers of PCR cycles and
was more dependent on the library prep kit. For in-
stance, while NEB and TruSeq4 samples both had the
highest number of PCR cycles (22), their duplication rates
differed (Table 1). Indeed, NEB-input samples had the
highest duplication rate of 99% with the overall largest
number of reads duplicated more than 200 times while
the TruSeq4 samples had a duplication rate of 72% with a
substantially smaller number of reads with greater than
200 duplications (Table 1 and Additional file 3: Figure S2).

Detection of exonic, intergenic and intronic regions
Among the mapped reads, SMARTer samples showed
the lowest alignment to exonic regions. The percentage
of reads aligned to exonic regions was greater than 85%
in samples prepared with NEB, TruSeq and SMARTseq
library kits and less than 70% in samples prepared with
the SMARTer and NuGEN kits (Fig. 1b). As expected,
the overall percentage of reads aligning to intronic
regions detected in input samples was less than 10% for
most samples, except for samples prepared by the
SMARTer kit, where more than 20% of the reads align
to intronic regions. IP samples had roughly twice as
many reads aligning to intronic regions, or 10% more

intronic reads compared with the corresponding input
RNA samples, which may suggest that the IP captures
some immature mRNAs. In particular, the percentage
of intronic reads from the SMARTer samples increased
from 22% for the input RNA to 41% for the IP RNA.
The percentage of intronic reads for the NuGEN sam-
ples ranged from 8% for the input RNA and 22% for
the IP RNA.

Number of genes being detected as expressed
Because of the differences in sequencing efficiency and
library complexity, we examined the number of features
detected in samples prepared with each library kit. After
removing ambiguous reads or reads mapped to multiple
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Fig. 2 Detected transcripts binned by RPKM. There were 33,399
transcripts detected in at least one input sample, 35,395 transcripts
detected in at least one IP sample and all of these genes were used
for the binning. Y-axis: number of transcripts detected in at least one
replicate. a and c Number of genes binned by RPKM as detected by
the different kits in the input and IP, respectively. b and d These plots
are subsets of (a) and (c) focusing only on highly expressed
transcripts (RPKM> 100)
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features using HTSeq, we detected between 10,184 to
21,161 genes where the CPM values were greater than
zero (Table 2). The corresponding average raw read
counts ranged from 0.76 to 37 million reads. Fewer
features were detected in SMARTer and NEB samples.
All of the annotated genes (47,729) were binned into 6
groups (RPKM≤1, 1 < RPKM≤10, 10 < RPKM≤100, 100 <
RPKM≤1000, 1000 < RPKM≤10,000 and RPKM> 10,000.
Fig. 2). SMARTer, NuGEN, and NEB samples had
more genes that were entirely missed or had low ex-
pression levels (RPKM≤1) in comparison to the other kits
in the input samples (Fig. 2a). The SMARTer and NEB
samples had more genes with a lower expression levels
(RPKM≤1) also in the IP (Fig. 2c). The number of genes
within RPKM range (100–10,000) was relatively low in
SMARTer and NuGEN samples (Fig. 2b, d). Conversely,

SMARTer samples contained more highly expressed genes
(RPKM> 10,000) than others samples, but the majority of
these were rRNA genes or genes encoding for hypothetical
proteins (Fig. 2b, d and See Additional file 1: Table S2).
In order to compare the similarity of expression profiles

of the different kits, we compared genes with at least 1
CPM in at least one replicate across all the samples. More
than 60% of the genes were co-detected by all kits (Fig. 3).
The median CPM for shared genes across all samples was
28 for input samples (Fig. 3a, c) and 36 for IP samples
(Fig. 3b, d). Meanwhile, less than 10% of features were
uniquely detected in NEB, NuGEN and TruSeq input
samples, but over 20% of features were uniquely detected
from the SMARTer samples. The median CPM of
uniquely detected genes in SMARTer input samples was
around 10, while the median for other kits was less than 3.
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A similar trend is observed in IP samples (Fig. 3b, d and
See Additional file 1: Table S3).
We also grouped all of the detected features into ribo-

somal RNA, non-coding (ribosomal RNA, lincRNA,
microRNA) and protein-coding groups. The average
CPM of ribosomal RNA and non-coding gene groups
were 2-fold higher in NuGEN and SMARTer samples
than in other samples (Table 3). Conversely, the average
CPMs for the protein-coding group were similar across
most samples, except for SMARTer prepared samples

(Table 4). By comparing IP samples with input samples, it
is interesting that the CPMs of IP samples are relatively
lower than input samples, except for NuGEN prepared
samples.

Coverage uniformity relative to 5′ and 3′ ends
The evenness of transcript coverage was calculated by
dividing the mean coverage of first (last) 100 bases (5′ or
3′) of transcripts divided by the mean coverage of all bases
across the corresponding transcript (Fig. 4). The median

Table 3 Descriptive statistic of non-coding detected features (CPM > =1)

Kit Sample
type

Total features of ribosomal
RNA

Average CPM of ribosomal
RNA

Total features of ribosomal
RNA, lincRNA, microRNA

Average CPM of ribosomal RNA,
lincRNA, microRNA

Replicate Replicate Replicate Replicate

1 2 3 1 2 3 1 2 3 1 2 3

NEB Input 3 3 3 73.87 67.33 72.15 233 186 140 46.01 29.22 28.34

IP 3 3 4 14.24 6.15 7.80 128 157 268 78.05 28.33 34.25

NuG Input 8 11 10 5533.70 5571.81 5603.65 552 488 415 272.73 274.17 276.54

IP 13 11 17 1803.34 820.73 863.91 583 593 637 97.91 48.26 51.37

SMTer Input 8 5 6 4282.62 7858.83 4641.15 440 359 377 247.75 429.65 261.04

IP 12 6 17 4880.27 7906.14 3936.78 467 411 599 282.51 429.64 240.08

Tru4 Input 17 17 13 232.50 120.94 169.47 804 786 767 13.96 7.59 10.29

IP 8 7 19 415.93 129.19 168.59 546 650 927 26.49 8.94 11.45

Tru70 Input 6 4 4 102.39 28.55 58.50 410 363 406 6.34 2.08 3.81

IP 3 3 4 141.53 54.91 65.21 265 295 341 9.24 3.97 5.10

SMTseq4 Input 13 13 21 214.51 159.76 185.17 750 764 803 11.78 8.93 10.54

IP 7 11 10 851.62 63.75 92.92 844 881 889 46.39 5.91 8.73

SMTseq0.25 Input 6 7 3 224.50 191.46 235.20 531 515 461 12.32 10.52 13.04

IP 6 6 7 886.27 73.72 99.28 476 502 457 48.03 6.43 8.88

Table 4 Descriptive statistic of protein-coding detected features (CPM≥ 1)

Kit Sample
type

Total features of protein-coding RNA Average CPM of protein-coding RNA
Replicate Replicate

1 2 3 1 2 3

NEB Input 11,316 10,551 9789 36.51 37.77 37.83

IP 8740 10,252 12,435 34.13 37.84 37.39

NuG Input 10,921 10,828 10,656 19.61 19.50 19.32

IP 12,970 13,142 13,318 32.65 36.35 36.12

SMTer Input 11,136 9368 10,019 21.47 7.90 20.48

IP 11,826 11,860 11,824 18.88 7.90 22.02

Tru4 Input 11,826 11,860 11,824 38.90 39.38 39.18

IP 12,360 12,842 12,941 37.97 39.28 39.09

Tru70 Input 11,690 11,691 11,611 39.47 39.79 39.66

IP 11,996 12,493 12,660 39.26 39.65 39.56

SMTseq4 Input 11,659 11,499 11,578 39.07 39.28 39.16

IP 12,443 12,579 12,587 36.50 39.51 39.01

SMTseq0.25 Input 11,500 11,475 11,384 39.03 39.16 38.97

IP 12,648 12,846 12,940 36.38 39.47 39.29
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was calculated and plotted for the 1000 most highly
expressed transcripts. Most of the input RNA samples
showed even coverage from 5′ to 3′ end, except for all
NuGEN samples which had pronounced increase in
coverage at the 3′ end. Additionally, consistently higher
coverage at the 3′ end was observed among IP RNA sam-
ples, except for SMARTer samples with even coverage
across 5′ and 3′ extremities.

Similarity of expression profiles
In order to assess the similarity of expression profiles
being generated by different library preparation kits, we
applied Spearman correlation coefficients as a measure of
similarity. The Spearman coefficient was calculated based
on the rank of the CPM value as opposed to using the
absolute values. This was done to accommodate the differ-
ence in CPM values due to differences in duplication rates
observed among the kits (Fig. 5). The correlation coeffi-
cient for input samples ranged from 0.5 to 0.9, where
SMARTseq profiles were better correlated with Tru-
Seq70 than others (Spearman correlation coefficient ≥
0.9). SMARTer samples had the lowest correlation (0.5)
with the control library TruSeq70 (Fig. 5 and See
Additional file 1: Table S4). Overall, as expected, input
profiles are less correlated to corresponding IP profiles
(See Additional file 1: Table S4). When we compared

input samples with corresponding IP samples for each
individual kit respectively, all input samples were clus-
tered separately from IP samples except for the SMAR-
Ter samples (Additional file 4: Figure S3).
Although two different amounts of RNA were used for

the TruSeq library kit, TruSeq 4 ng samples were well
correlated with TruSeq 70 ng samples (Spearman correl-
ation coefficient was 0.96 ± 0.002 for input; 0.946 ± 0.01
for IP). Similarly, the SMARTseq samples with 0.25 ng
and 4 ng were highly correlated (Spearman correlation
coefficient was 0.95 ± 0.004 for input and 0.95 ± 0.005
for IP) (See Additional file 1: Table S4).

Transcript enrichment is better represented than transcript
depletion in the IP samples
We evaluated the robustness of different kits for detecting
enrichment (IP/input RNA > 1) or depletion (IP/input
RNA < 1) of transcripts in the translatome (IP samples)
compared to the transcriptome (input samples). Features
with raw read counts ≥20 in input samples and with an
enrichment or depletion factor ≥ 2 were included as
enriched (IP/Input ≥2) or depleted transcripts (IP/Input
≤0.5). Of note, more transcripts were enriched than de-
pleted (Fig. 6a and Additional file 5: Figure S4). NuGEN
produced the greatest number of enriched transcripts
(mean 4270) and smallest number of depleted transcripts
(mean 74) as compared with other kits (Fig. 6b). Among
the enriched transcripts from NuGEN, 60% were enriched
less than 4-fold whereas only 25% of transcripts prepared
by other kits were enriched less than 4-fold (Fig. 6b). NEB
samples had the highest percentage of enriched/depleted
transcripts (log2 (IP/INPUT) > 5 or log2(INPUT/IP) > 5)
when compared to samples obtained from the other
kits (Fig. 6b, Fig. 7a). Conversely, the enrichment pro-
file of the SMARTer samples showed fewer enriched or
depleted transcripts compared with the rest of the sam-
ples. Indeed, when plotting for the top 50 enriched
transcripts (Fig. 7b), the median enrichment value for
the SMARTer profile was significantly lower than other
profiles (p < 0.05).
We also compared the number of transcripts being

enriched or depleted across samples (Additional file 6:
Figure S5). NuGEN had the highest number of uniquely
enriched transcripts that were detected (accounting for
25% of its total enriched transcripts, 95% of which are
protein-coding genes). TruSeq4 and TruSeq70 had
around 5% uniquely enriched transcripts (Additional
file 6: Figure S5a,b).
We also clustered all the transcripts based on the rank

of enrichment factor or depletion factor greater than 2
in at least one sample (Fig. 8). As expected, the profiles
for TruSeq4 and TruSeq70 were most similar to each
other (Spearman correlation coefficient > 0.7). The same
is true for SMARTseq4 and SMARTseq0.25. On the
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other hand, the enrichment/depletion profile for SMAR-
Ter was the least similar to the other profiles (Spearman
correlation coeffienct < 0.2).

Transcript-length dependent enrichment/depletion
We examined whether the enrichment or depletion effects
observed in the translatome were affected by the tran-
script length. Based on size distribution of the enriched/
depleted transcripts (the majority being between 0.5 and
10 kb, Additional file 7: Figure S6), we grouped the tran-
scripts into four bins (≤0.5 kb, 0.5–1 kb, 1 kb–10 kb, and >

10 kb) (Fig. 9). The median enrichment for transcripts
was relatively higher in the longer transcript (> 10 kb) ex-
cept in TruSeq70 samples (Fig. 9a). Within each transcript
length bin, the median enrichment effect from NuGEN
and SMARTer samples was much higher than TruSeq70
samples for transcripts less than 10 kb (Fig. 9b). For
longer transcripts (> 10 kb), NEB, NuGEN, SMARTer
and SMARTseq samples had a median enrichment that
is much higher than those of TruSeq70 (Fig. 9b). Add-
itionally, the enrichment effect for NEB samples distrib-
uted wider than all the other samples (Fig. 9).
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A similar trend was also observed in depleted tran-
scripts. Across all transcript lengths, the range of deple-
tion effect for NuGEN and SMARTer samples was less
than for other samples (Fig. 10a). For NEB samples, the
depletion effect distribution was wider than all the
other samples (Fig. 10b). For longer transcripts (> 10 kb),
NEB, NuGEN, SMARTer and SMARTseq samples

showed fewer depletion effects than those from Tru-
Seq70 (Fig. 10b).

Discussion
In this study, we compared five library-preparation kits
for RNA-seq, using low-quantity input RNA or RiboTag
IP RNA, by applying a comprehensive set of quality

0

3000

1000

2000

4000

N
um

be
r 

of
 fe

at
ur

es

NEB
NuG Tr

u4
Tr

u7
0

SM
Te

r

SM
Ts

eq
0.

25

SM
Ts

eq
4

Depleted

Enriched

0.0

0.1

0.2

0.3

0.4

a b

P
er

ce
nt

 o
f e

nr
ic

he
d 

or
 d

ep
le

te
d 

tr
an

sc
rip

ts
ov

er
 (

de
pl

et
ed

+
en

rc
ih

ed
)

≥-10 ≥-5 ≥-2 ≥-1 [≤-1 ≥0] ≥1 ≥2 ≥5 ≥10
Log2(IP/input)

NEB
NuG
SMTer
SMTseq0.25

SMTseq4
Tru4
Tru70

Fig. 6 Descriptive characteristic of enrichment or depletion profiles as generated by the different library preparation kits. Genes which have at
least 20 raw reads in the input samples and a ratio of IP/Input ≥2 or Input/IP ≥2 were used to generate the plots. a Total number of transcripts
enriched or depleted. b Percentage of enriched or depleted transcripts grouped into different bins. X-axis: log2(IP/input), Y-axis: percentage of
genes in each bin over whole population. NEB: NEBNext® Ultra™, NuG: NuGEN Ovation®, SMTer: SMARTer® Stranded; Tru4: TruSeq using 4 ng of
RNA; Tru70: TruSeq using 70 ng of RNA. SMTseq4: SMART-Seq® v4 using 4 ng of RNA; SMTseq0.25: SMART-Seq® v4 using 250 pg of RNA. Yellow
and orange: SMTseq samples; Red: SMTer samples; Black: NEB samples; Blue: NuGEN samples; Green and grey: TruSeq samples

a b

Fig. 7 Enrichment profiles and top 50 enriched transcripts. a Enrichment factor of transcripts are sorted in decreasing order based on log2 (IP/
input). X-axis:transcripts, Y-axis:log2 value of enrichment (IP/Input). b Boxplot of top 50 enriched transcripts. NEB: NEBNext® Ultra™, NuG: NuGEN
Ovation®, SMTer: SMARTer® Stranded; Tru4: TruSeq using 4 ng of RNA; Tru70: TruSeq using 70 ng of RNA. SMTseq4: SMART-Seq® v4 using 4 ng of
RNA; SMTseq0.25: SMART-Seq® v4 using 250 pg of RNA. Yellow and orange: SMTseq samples; Red: SMTer samples; Black: NEB samples; Blue:
NuGEN samples; Green and grey: TruSeq samples

Song et al. BMC Genomics  (2018) 19:696 Page 11 of 16



measures. One of the major differences among library
preparation kits was whether oligo (dT) is used to select
mRNA. Among the kits tested, the NEBNext® Ultra™, the
Illumina TruSeq® and the TaKaRa SMART-Seq® v4 Ultra®
use oligo-dT primers to select for polyA mRNA. Con-
versely, the TaKaRa SMARTer® kit depends on locked
nucleic acid (LNA) technology and random primers to
capture both products with classical long polyA(+) and
those with short poly(A) tails or polyA(−) transcripts
and employs a ribosomal depletion step. Although the
NuGEN Ovation® V2 kit uses a combination of
semi-random hexamers and a poly-dT chimeric primer
for 1st strand cDNA amplification in an effort to mitigate
bias, 3′ end bias was still observed. Shanker, et al.(2015),
also observed 3′ end bias using the NuGEN Ovation V2
kit with low input samples [22]. Interesingly, we observed

greater 3′ end bias in IP samples (except for SMARTer
prepared samples) than in the input samples, possibly sug-
gesting some degradation of the RNA.
A higher percentage of reads mapped to the intronic

and intergenic region in the samples derived from the
TaKaRa SMARTer® kit in comparison to samples derived
from the other five kits. Adiconis, et al., 2013 [23], also
found a similar difference by comparing the SMARTer®
kit to the TruSeq® kit. In our study, among the top-100
highly expressed transcripts in SMARTer samples, 30%
were miRNA, lincRNA and rRNA. It is known that the
source of miRNA or lincRNA is mainly from intergenic
or intronic region, and that certain ribosomal RNAs
generated by RNA polymerase I and III are without
polyA tails. Therefore, we propose that the SMARTer®
kit may be useful for studies which aim to focus on
poly(A) negative transcripts or transcripts derived from
non-exon-coding regions.
We observed lower duplication rates for the

SMART-Seq® v4 Ultra (SMARTseq) and NuGEN pre-
pared samples as compared to samples prepared with
the other kits. A possible explanation to this observed
lower duplication rate may relate to the protocols of
these two kits. The mRNA is pre-amplifed to cDNA, be-
fore fragmentation, making the duplication rate resulting
from the amplification harder to identify based on map-
ping position. Conversely, in other methods including the
TruSeq kit, mRNA is fragmented first and the amplifica-
tion only happens during the library construction step,
making it easier to identify duplication based on the map-
ping position. For this study, the comparisons among dif-
ferent kits were achieved by using the rank-based method
without removal of duplicate reads. Parekh et al., also
showed that removal of duplicates improved neither ac-
curacy nor precision and can actually worsen the power
and the False Discovery Rate (FDR) for differential gene
expression [33].
While Combs et al., (2015) [34] reported the use of the

TruSeq kit with 100 ng of RNA, our modification of the
TruSeq protocol provides the possibility to use the kit
with RNA amounts as low as 4 ng. Indeed, our study, for
the first time, shows that with protocol modifications,
TruSeq with 4 ng of RNA performs similarly to the Tru-
Seq with 70 ng of RNA with respect to the number of
genes being captured and overall profile composition.
Comparing translatome (IP samples) against corre-

sponding transcriptome (input samples), we find a relative
higher intronic percentage in the translatome profiles,
which might indicate that some non-mature RNA are pre-
cipitated during the IP process. Overall, we detected more
enriched transcripts than depleted transcripts in the IP
samples. Roh et al., report a similar result although the
fold-change was greater in the depleted genes than the
enriched genes [35]. This difference may result from the
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Fig. 9 Boxplot and violin plots of enriched features over different transcript lengths. a Boxplots of enrichment factor of different transcripts within
each kit. b Boxplots of enrichment factor of different kits at each transcript length bin. The notch represents the median ± 1.58IQR/√n. The width
of boxplot is proportion to sample size of each group
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Fig. 10 Boxplot and violin plots of depletion features over different transcript lengths. a Boxplots of depletion factor of different transcripts
within each kit. b Boxplots of depletion factor of different kits at each transcript length bin. The notch represents the median ± 1.58IQR/√n. The
width of boxplot is proportion to sample size of each group
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different tissues being used, and more specifically the
percent of cells that express the tagged ribosomes.
Among enriched transcripts, we observed an enrich-
ment effect bias toward longer transcripts (> 10 kb)
(Fig. 9a). This may relate to the nature of RiboTag IP
since it is a method to detect polysome profiles during
translation [16]. It is possible that the higher number of
ribosomes on longer transcripts leads to a higher en-
richment. In addition, the greater enrichment effect of
longer transcript is slightly higer for samples prepared
by SMARTer and SMARTseq kits. This may be related
to the template-switch oligonucleotide with one locked
nucleic acid (LNA) technique applied in these kits,
which is aimed to improve the hybridization between
the template-switch oligonucleotide and the cDNA
product [36, 37], increasing full coverage for longer
transcripts.

Conclusion
Amongst the kits and library prep protocols analyzed in
this manuscript, SMART-Seq v4 and TruSeq offer the best
sequencing results for libray preparation from smaller
amounts of RNA as starting material. Indeed, the overall
profile of 250 pg/4 ng samples from SMART-Seq v4 was
similar to the TruSeq 70, here used as a gold-standard
control. SMARTer Stranded Total RNA-Seq Kit might be
a good choice to study both polyA(+) mRNA and
non-polyA mRNA, especially non-coding RNAs. Since
there is a coverage bias towards 3′ for IP samples and
more enrichment for longer transcripts, correction should
be included during comparison among samples, for ex-
ample, using the bias correction function in Cufflink [38].
Finally, IP RNA from RiboTag samples is likely to include
a higher rate of immature RNAs, given the observed
increase in intronic sequences in the IP samples across all
library prep approaches. Overall, we were able to observe
both enriched and depleted transcripts of translatome
profiles using all kits. Greater enrichment effects were de-
tected than depletion, however this may be related to the
percent of tagged ribosomes in the tissue and therefore
tissue and Cre-driver specific. In summary, by considering
the eveness of coverage, number of detected features, low
CPM of non-coding genes, and similar enrichment pro-
files comparing to standard TruSeq70 prepared samples,
the SMARTseq and NEB kits performed the best in com-
parison to the other kits tested. However, the SMARTseq
kit had a lower duplication rate and allows reactions to
start with as little as 250 pg, significantly decreasing the
necessary amount of starting material. In addition, the
modified TruSeq4 protocol provides good results based
on the relative high number of detected features, low
CPM of non-coding genes, and similarity of the enrich-
ment profile to the standard TruSeq70.
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Towards a molecular understanding of noise induced hearing loss 
Log number: MR130240 

Study/Product Aim(s)
• Characterization of the translatomes of adult outer hair cells (OHC) and
supporting cells (SC) at baseline.
• Identification, characterization and validation of the cell type-specific
translational changes secondary to noise trauma that induces a permanent in
comparison to a temporary hearing loss.
• Identification of the cell type-specific signaling cascades activated during
successful treatment of noise induced hearing loss in mice (e.g. Heat Shock).
• Define at least two key signaling cascades that could be targeted to develop
new therapeutic interventions to prevent and treat noise induced hearing loss.
•Determine the sex-specific differences in the molecular response to noise
exposure.

Approach
We established animal models that allow cell type-specific RNA extraction 
from adult mouse inner ears, to determine the cell type-specific translational 
changes at different time points following noise exposure with and without 
treatment, compared with the baseline translatomes prior to exposure. 
Identified key regulatory pathways will be validated using real time RT-PCR. 

Goals/Milestones 

CY14-16 Goal – OHC- and SC- translatomes at baseline
Identification and characterization of the OHC and SC-specific translatomes
CY15-16 Goal – Defining the inner ear translatome in response to noise trauma
 Identification of the key signaling cascades initiated by noise trauma
 Identification of differences in the response of male and female mice to noise
CY16-17 Goal – In vivo dissection of cell type-specific changes in response to treatment

and pre-treated noise exposure
 Comparison of the cell type-specific molecular changes in response to PTS- and TTS-

inducing noise exposure
 Improved approaches for Ribotag seq using fewer mice per experiment
CY17-19 Goal – Defining the inner ear translatome in response to noise trauma
 Identification of at least two new pathways for generating new interventions to prevent and 

treat noise induced hearing loss
 Comparison of the cell type-specific molecular responses to PTS-inducing noise with and 

without protective interventions. 
 Identify some of the sex-specific molecular changes in response to noise. 

Budget Expenditure to Date 
Projected Expenditure: 1,500,000
Actual Expenditure: 1,372,513

Updated: (October 26, 2018)

Timeline and Cost
Activities      CY   14-15   15-16   16-17 17-19

To establish the OHC- and SC-specific translatome 
of adult mouse inner ears

Estimated Budget ($K) $400      $400      $400    $300

To determine the OHC- and SC-specific 
transcriptional and signaling cascades activated 
in response to PTS-inducing noise injury

To determine the OHC- and SC-specific signaling cascades 
activated in vivo in response to otoprotective interventions

To evaluate the OHC- and SC-specific signaling cascades affected 
in vivo in mice, in male s and females separately, to PTS and 
TTS noise, as well as Heat Shock, and PTS noise and Heat 
Shock combined

PI:  Ronna Hertzano Org:  University of Maryland School of Medicine       Award Amount: $1,500,000
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